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ABSTRACT
Strong demands for smaller, cheaper, and multifunction wireless systems have
put very stringent requirements on passive devices, such as inductors and capaci-
tors. This is especially true considering the size and weight of most radio frequency
(RF) transceivers are mainly due to passives. RF micro-electro-mechanical-systems
(MEMS) passives are addressing this issue by offering lower power consumption and
losses, higher linearity and quality (Q)-factors, potential for integration and minia-
turization, and batch fabrication. These advantages position RF MEMS passives as
good candidates to replace conventional passives. Further, they also open an oppor-
tunity for using the passives as building blocks for lumped element-based RF circuits
(e.g. filters, couplers, etc.) which could replace the more-bulky distributed-element
circuits.
This thesis presents the design, simulation, fabrication using the deep X-ray
lithography process, and testing of thick-metal RF inductors and their applications
to lumped-element low-pass filter (LPF) circuits. The 70-µm tall single-turn loop
inductors are structurally compatible to a pre-existing RF MEMS capacitor concept
and allow the two device types to be fabricated together. This compatibility issue
is crucial if they would be used to construct more complex RF circuits.
At a 50-Ω inductive reactance point, test results show Q-factors of 17- 55, self-
resonant frequencies (SRF) exceeding 11 GHz, and nominal inductances of 0.4- 3 nH
for 1-loop inductors and Q-factors of 11- 42, SRFs of 4- 22 GHz, and inductances of
0.8- 5.5 nH for 2-loop inductors. Further, test results reveal that high conductivity
metals improve the Q-factors, and that low dielectric-constant substrates increase
the SRFs.
In terms of LPFs, measurements show that they demonstrate the expected third-
order Chebyshev response. Two nickel filters on a quartz glass substrate show a
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0.6-dB ripple with 3-dB frequencies (f3dB) of 6.1 GHz and 11.9 GHz respectively.
On an alumina substrate, they exhibit a 1.4-dB ripple with f3dB of 5.4 GHz and
10.6 GHz respectively. The filters are 203- 285 µm tall and feature 6- 6.5 µm wide
capacitance air gaps. These dimensions are different than the original designs and
the filter performances were shown to be somewhat sensitive to these discrepancies.
Compared to a distributed approach, the lumped-element implementations led to
an area reduction of up to 95%.
iii
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1. INTRODUCTION
1.1 Motivation
A large portion of most radio frequency (RF) transceivers is composed of passive
devices [1] such as inductors and capacitors. Strong demands for smaller, cheaper,
multifunction, and multiradio wireless systems have put more stringent requirements
on passives. RF micro-electro-mechanical-systems (MEMS) passive devices are ad-
dressing this issue by offering lower power consumption, lower losses, higher linearity,
higher Q-factors, potential for integration and miniaturization [2], and cost-effective
batch fabrication. All these advantages position RF MEMS passives as good candi-
dates to replace conventional passive devices, such as the ones produced using silicon
technology.
Many RF circuits, such as filters, diplexers, and couplers, use distributed passive
elements where physical size is wavelength-dependent which tends to make the cir-
cuit size big (mm to cm range). Such RF circuits are not the ideal choices for small,
multifunction wireless systems and can really benefit from miniaturization through
lumped element-based implementations [3, 4, 5, 6]. This provides an opportunity
for RF MEMS passives to make another valuable contribution, namely, using these
passives to produce compact and highly-integrated lumped element-based circuits
as possible replacements for the more bulky distributed element-based RF circuits.
However, to be considered as viable replacements, lumped-element RF circuits need
to contain structurally compatible inductors and capacitors and also have compara-
ble performances to that of the distributed circuits.
Common approaches for realizing RF capacitors and inductors are often based
on surface or bulk micromachining [7], adopted from silicon technology. The silicon
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technology is a matured technology, one in which significant expertise and resources
are already available. Therefore, using techniques from the silicon technology, in an
attempt to leverage mainstream fabrication process, to produce RF MEMS devices
does make sense. Unfortunately, these approaches have a couple of limitations such
as limited choice of substrate material and limited metal thickness, constraining
the devices to planar 2D geometries. A different approach in realizing RF MEMS
passive devices is to use the vertical dimension. The use of the vertical dimension
reduces the lateral physical size of the devices, saving lateral space and allowing
operation at higher frequencies. One of the best techniques for producing very tall
structures is deep X-ray lithography (DXRL) and subsequent metal electroplating.
1.2 LIGA/DXRL Process
In 1975, Romankiw et al. of IBM combined X-ray lithography and electroplating
to produce gold structures with high aspect ratios (ratio of the maximum height
to the minimum horizontal dimension of a structure) [8]. The requirement for an
X-ray radiation source made this procedure expensive and less ideal for large-scale
production. In an effort to bring down the fabrication cost, Ehrfeld et al. at the
Karlsruhe Nuclear Research Centre (now Karlsruhe Institute of Technology) added
a third procedure known as plastic molding that allows, in principle, large-scale pro-
duction [9, 10]. The combination of the three procedures was then called LIGA, a
German acronym for X-ray lithography (X-ray Lithographie), electroplating (Gal-
vanoformung), and molding (Abformung) [11]. X-ray lithography typically uses
X-rays with a wavelength of 0.2 − 1 nm as a radiation source. However, the desire
to produce deep trenches and 3D structures calls for X-ray radiations with more
penetrating capability, leading to the use of X-rays with higher energies and shorter
wavelengths on the order of 0.1 nm in a process known as deep X-ray lithography
(DXRL).
The deep X-ray lithography/electroplating process starts with the application
of a thin metal film on a substrate. This metal film is known as the seed layer
and serves as the cathode in the subsequent electroplating procedure. When the
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substrate is metallic, the seed layer requirement can be omitted. Next, a thick
X-ray sensitive layer is applied on top of the seed layer. There are two types of X-
ray resist, namely, negative and positive resist. Upon exposure to X-ray radiation,
a negative resist hardens and becomes less soluble in a suitable developer, while
the opposite is true for a positive resist. Examples of negative and positive resists
are SU-8 and Poly(methyl methacrylate) (PMMA) respectively. The resist layer is
then exposed to an X-ray radiation through a mask, which can be made of gold
absorbers on a titanium mask membrane. Some of the X-ray radiation is absorbed
by the gold absorbers while some passes through the X-ray-transparent areas of the
mask and reaches the resist. In the case of PMMA, upon reaching the resist, the X-
ray radiation is absorbed, leading to chemical-bond scission in the molecular chain
of the polymer and thus, making it soluble in a suitable developer. The sample
is then developed to remove the exposed resist. The resulting three-dimensional
resist structure is electroplated with a metal to fill the void spaces in the resist.
Once the electroplating is done, the remaining resist is removed by X-ray flood
irradiation, followed by another step of resist development. To produce free-moving
or electrically isolated components, the metal seed layer is then locally etched away
using either wet or dry etching process [12]. If desired, multiple copies of the primary
components obtained from the DXRL/electroplating procedures can be generated
in a cost-effective manner using one of the molding techniques: hot embossing or
injection molding. Details of these techniques can be found in [11].
Due to the application of an extremely parallel and highly penetrating X-ray
radiation, the deep X-ray lithography, as an integral part of the complete LIGA
process, has the ability to produce vertical structures with aspect ratios of up to
100 [13, 14]. As a comparison, deep ultraviolet lithography process typically gives
an aspect ratio of about 22 [8]. In addition, the DXRL process is also capable of
producing sidewalls with slopes better than 89.9◦ [15, 16] and surface roughness, Ra,
of less than 50 nm [15, 17]. It also stands out with its achievable minimum feature
size in the sub-micrometer range.
The unique capability of DXRL to produce tall vertical structures is beneficial in
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the realization of passive devices/circuits [12, 16, 18, 19, 20, 21]. In [18], a vertical
RF MEMS variable capacitor was successfully realized and its top view is shown in
Figure 1.1. The vertical parallel-plate capacitor is 100-µm tall and features a thin
movable cantilever beam and a capacitance gap of 2.5 µm. The 0.8-pF capacitor
operates in the 1-5 GHz range and has a capacitance ratio of 1.24:1 over a 20-V
tuning range. Benefiting from a vertical architecture, it has quality (Q) factors of
133 and 36 at 2 and 4 GHz respectively and shows good RF performance. However,
the compelling use of this capacitor in compact, integrated, reactive lumped-element
circuits calls for structurally compatible inductors.
Figure 1.1. Vertical capacitor fabricated using DXRL [18].
1.3 Literature Review of Inductors
Conventionally, on-chip RF inductors were realized as planar multi-turn spirals or
meander structures [22, 23] using a thin metal layer on a semiconductor substrate.
Unfortunately, they suffered from metal and substrate losses and parasitic capac-
itances which resulted in relatively low Q-factors and low self-resonant frequency
(SRF) [24, 25]. Recent progress in micro-fabrication techniques has led to new
approaches in RF inductor design to address these limitations.
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A relatively simple technique to produce a high Q-factor inductor is to use a
thicker metal layer such as demonstrated by Choi et al. [26]. Choi et al. reported
that the Q-factor of a 5-nH spiral inductor increased from 40 to 50 and to about 57
when the copper metal thickness was increased from 5 µm to 10 µm, and to 20 µm
respectively.
Another technique is to use a thick insulating layer between the inductor and the
semiconductor substrate such as shown in [27, 28]. Rais-Zadeh et al. [27] reported
that the maximum Q-factor for a 1-nH inductor increased from approximately 40 at
1 GHz to about 49 at 1.5 GHz when the thickness of silicon dioxide insulating layer
was increased from 4 to 20 µm.
A different technique is to create an air gap between the inductor and the sub-
strate, either by partially removing the substrate underneath the inductor, such as
[29, 30], or by suspending the inductor above the substrate [31, 32]. Reference [30]
developed a 2-nH nickel spiral inductor on top of a 25-µm-deep trench in the silicon
substrate with a peak Q-factor of 12 at 4 GHz and SRF of 9.8 GHz. Using an SU-8
UV lithography process, Park et al. [32] developed a 3.1-nH inductor, suspended
50-µm above a silicon substrate with a peak Q-factor of 13 at 1.7 GHz and SRF of
17 GHz.
A more advanced technique is to tilt the inductor away from the substrate to
make the magnetic fields parallel to the substrate. Lubecke et al. [33] developed a
semi-vertical-positioned 1.2-nH inductor with a Q-factor of 13 and SRF exceeding
20 GHz. Using a similar concept, Zou et al. [34] also observed an improvement in
the peak Q-factor and SRF of his vertically-tilted inductor design.
Many of the existing RF inductors are of the multi-turn spiral inductor type.
While the multi-turn spiral design enhances magnetic flux, it requires a connection
to its centre using an overpass (or underpass) or a wire bond, which, unfortunately,
introduces parasitic capacitances. A meander-type inductor does not have this prob-
lem, but it suffers from a negative mutual inductance between adjacent turns, lower-
ing its inductance [35]. In terms of Q-factor and SRF enhancements, suspending or
tilting the inductors off the substrate have been shown to be helpful. Unfortunately,
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the majority of the existing inductor designs require multiple metal-deposition steps
and/or etching of the substrate. This not only complicates the inductor fabrication
process but also leads to non-structurally compatible inductors to the pre-existing
capacitor concept presented earlier.
Therefore, there is a need for an RF inductor, with a relatively high Q-factor
and SRF, that can be realized using a single metal-deposition step without the need
for an overpass or wire bond connection. Such a design will make the inductor
structurally compatible to the pre-existing capacitor concept presented earlier and
allow the two types of devices to be fabricated together using a simple single metal
layer, common-height process.
1.4 Literature Review of Low-pass Filters
Conventionally, RF low-pass filters (LPF) were widely implemented using shunt
open stubs [36, 37] or stepped impedance transmission lines [38]. In [36] the authors
presented a 5th-order Chebyshev LPF with a pass-band ripple of 1.5 dB and a 3-dB
cut-off frequency of f3dB= 3 GHz using shunt open coplanar waveguide (CPW) stubs.
In [38] the authors developed stepped impedance Butterworth low-pass filters with
f3dB= 9.2 GHz and 12.7 GHz using thick microstrip lines. Since these two approaches
are transmission-line based, the size of the filter circuits is rather big (mm to cm
range). This can be worse in microstrip filters, since they normally require certain
substrate area in their surroundings to accomodate some fringing fields. In addition
to the size, transmission line-based filters typically consist of high-impedance lines.
These high-impedance lines typically appear as narrow transmission lines, which
tends to limit the power handling capability and can be challenging to fabricate.
Fairly recently, defected ground structures (DGS) have been added to the con-
ventional transmission line low-pass filters as an effort to address the size issue. A
dumbbell-shape DGS section gives rise to increasing effective capacitance and induc-
tance of a standard transmission line and can be represented by an LC equivalent
circuit and provide a cut-off frequency as well as attenuation poles at a certain fre-
quency. Using a T-junction microstrip line with a couple of DGS sections having
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different dimensions, Ahn et al. [39] developed a three-pole low-pass filter with 0.01-
dB ripple and an f3dB= 1.3 GHz. The three-pole LPF using DGS concept is then
extended to a five-pole DGS LPF by Lim et al. in [40]. In addition to the reduction
in size, transmission line low-pass filters with DGS do not require high-impedance
lines. Consequently, wider transmission lines can be used which simplifies the fab-
rication and increases the power-handling capability of the filters [40]. Additional
efforts using this approach can be found in [41, 42].
In [43], Kim et al. also used DGS but in combination with an overlay coplanar
waveguide (OCPW). In the OCPW, the edge of the signal line is extended partially
above both ground structures to distribute the electric field in the overlap region,
reducing conductor and substrate losses of the CPW. Kim et al. argue that OCPW
line together with necessary DGS sections can realize a low-impedance line with slow
wave effect, reducing the length of the low-impendence line. Using this approach,
Kim et al. developed a five-section stepped-impedance LPF with an f3dB of about
3.7 GHz. The proposed filter occupied an area of (1.56 x 3.34) mm2 compared to
(1.56 x 4.52) mm2 of a similar LPF without the OCPW.
While DGS has been shown to be useful in reducing circuit size, the use of lumped
elements as building blocks for low-pass filters is also an efficient way to reduce the
circuit size [43]. An example of the lumped-element approach can be found in [44]
in which the authors present a five-pole Butterworth LPF using lumped-element
inductors and metal-oxide-semiconductor (MOS) capacitors. The LPF had a 3-
dB frequency of f3dB= 845 MHz with a mid-band insertion loss of 2.4 dB. More
recently, Fang et al. [45] developed a higher cut-off frequency lumped-element low-
pass filter. The third-order low-pass filter employed planar spiral inductors and
a metal-insulator-metal (MIM) capacitor on a silicon substrate that was locally
modified with oxidized porous silicon (OPS) technology. The low-pass filter occupied
an area of (1350 x 550) µm2 and had an f3dB= 2.9 GHz and a mid-band insertion
loss of 0.87 dB.
Despite some lumped-element low-pass filter designs, the majority of the RF low-
pass filters are still distributed circuits where physical size is wavelength-dependent.
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This tends to make the circuit size big (mm to cm range). On the other hand,
trends toward smaller, cheaper, and more multifunction wireless products put severe
limitations on chip area. Therefore, there is much potential for lumped-element low-
pass filters.
1.5 Objectives
This research aims to realize a lumped-element low-pass filter using the deep X-ray
lithography (DXRL) process. The concept of the pre-existing vertical RF MEMS
capacitor [18] shown earlier would be adopted and structurally compatible thick-
metal inductors would be introduced. These two types of devices would then be used
as building blocks for the lumped-element low-pass filter. The specific objectives of
the research are as follow.
1. To develop a thick-metal inductor which is structurally compatible with the
pre-existing vertical capacitor [18] concept. The inductor design should allow
both device types to be fabricated together using a simple, single metal layer,
common height DXRL process.
2. To develop a lumped-element low-pass filter which would incorporate the struc-
turally compatible inductor and capacitor elements. The low-pass filter would
have a 3rd-order 0.5-dB ripple Chebyshev response and operate in the 1-10
GHz range. A 3rd-order filter circuit is chosen because it offers sufficient com-
plexities to demonstrate the concept of using both the inductor and capacitor
elements in realizing a lumped-element low-pass filter circuit.
3. To fabricate both the inductor and low-pass filter designs using the deep X-ray
lithography process.
4. To test the inductors and low-pass filters and compare the results against
simulated results.
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1.6 Thesis Organization
This thesis consists of six chapters. Chapter 1 provides an introduction to the
research. This mainly consists of the motivations, brief history/overview of the deep
X-ray lithography process, and literature reviews of inductors and low-pass filters.
Chapter 2 presents background theories related to inductors and Chebyshev low-
pass filters. Chapter 3 illustrates the parasitic effects on the general performance
of an inductor and low-pass filter. Chapter 4 describes the design and fabrication
details of the inductor and low-pass filter. Chapter 5 presents the simulation and
test results of both the inductor and low-pass filter. Finally, Chapter 6 provides
conclusions determined from the research along with suggestions for future work.
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2. BACKGROUND THEORY
2.1 Loop Inductors
2.1.1 Inductor Principle
An inductor is an electronic device that stores energy from a magnetic field and it
can be thought of as the magnetic counterpart of a capacitor [46]. Assume the two
wire loops, C1 and C2, in Figure 2.1 are in free space.
Figure 2.1. Loop C1 produces magnetic flux part of which passes through C2 [47].
If a steady current I1 flows in loop C1, a magnetic flux density B1 is produced
around loop C1. Since loop C1 produces B1, all flux lines pass through loop C1,
but only some of them actually pass through loop C2. Assuming B1 is known, the
magnetic fluxes can be found as follows [47]:
ψ11 =
∫
S1
B1 • dS1 (2.1)
ψ12 =
∫
S2
B1 • dS2 (2.2)
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where, ψ11 is the magnetic flux, produced by loop C1, that passes through loop C1
(Wb), ψ12 is the magnetic flux, produced by loop C1, that passes through loop C2
(Wb), B1 is the magnetic flux density produced by loop C1 (T), and S1 and S2 are
the surface areas of loop C1 and C2 respectively (m
2).
If the current I1 is assumed to be constant, the Biot-Savard law gives [48]:
B1 = I1
(
µ0
4pi
∮
loop
dL×R
|R|3
)
(2.3)
where dL is a differential current element along the wire and R is the position vector
of the point at which B1 is evaluated.
If the flux density B1 from equation (2.3) is substituted into equation (2.1) and
(2.2) and the corresponding integrations are performed, the results are the magnetic
fluxes ψ11 and ψ12 that are proportional to current I1:
ψ11 = L11I1 (2.4)
ψ12 = M12I1 (2.5)
The constant L11 is referred to as the self-inductance of loop C1, while M12 is known
as the mutual inductance between loop C1 and C2 and can be defined as
L11 =
ψ11
I1
(2.6)
M12 =
ψ12
I1
(2.7)
The unit of inductance is known as the Henry (H). Notice that inductance (self or
mutual) is a parameter that depends only on the geometrical configuration of the
inductor [47].
2.1.2 Loop Inductor Model
It is desirable to be able to physically model the inductors using lumped elements.
A lumped-element inductor model reduces the electromagnetic field analysis com-
plexity and is helpful in understanding the effects of various losses and parasitics
on the inductor performance, such as quality (Q)-factor and self-resonant frequency.
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However, from the accuracy point of view, a lumped-element inductor model still
cannot replace electromagnetic field simulation software packages such as Ansoft
HFSSTM.
In order to accurately model inductors, it is necessary to identify relevant par-
asitic effects. Inductors are magnetic energy-storing elements and consequently the
inevitable resistance and capacitance are counter-productive and can be considered
parasitics. This current study deals with thick-metal loop inductors on a dielectric
substrate of which the top views are shown in Figure 2.2.
(a) 1-loop. (b) 2-loop.
Figure 2.2. Top view of two loop inductor types.
A lumped-element model of a loop inductor on a dielectric substrate is shown
in Figure 2.3. The model is adapted from the multi-turn spiral inductor on silicon
model [49, 50]. The oxide capacitance is absent in Figure 2.3 because no oxide layer
exists in the inductor on dielectric case. Further, in the case of a spiral inductor on
silicon, there is a metal layer on the back side of the substrate that is kept at zero
(i.e. ground) potential, leading to substrate parasitic capacitances and resistances
to ground. In the case of the loop inductor on a dielectric substrate, this back-side
ground metal layer does not exist. The inductors, instead, have coplanar ground
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structures. Although the coplanar configuration causes the majority of electric fields
between the loop inductor and ground structure to be parallel to the substrate, a
finite portion of the fields still passes through the substrate before reaching the
ground structures. This fringing fields are assumed to introduce finite substrate
parasitic capacitances and resistances, parallel to ground, and are represented by
Cshunt and Rsub.
Ls Rs
Cs
Cshunt Cshunt RsubRsub
Ls
Rs
CsCshuntRsub
+
Vo
-
fQmax
Qmax
Q-factor
f [Hz]
0 fSR
Figure 2.3. Lumped-element model of a loop inductor on a dielectric substrate
adapted from [49].
The model consists of a series inductance, Ls, and a series resistance, Rs, which
represent the desired inductance and the parasitic resistance of the loop inductor
respectively. In addition, a capacitance, Cs, exists between the input and output
terminals of the inductor. This capacitance represents the combination of capacitive
coupling between loop segments and capacitive coupling in the gap closing the loop.
In a multi-turn spiral inductor, Cs represents the inter-turn capacitive coupling
and the spiral turns-to-overpass overlap capacitive coupling. Next, there also exists
parasitic capacitance between the loop inductor and ground structures, represented
by Cshunt. Additionally, the model also incorporates resistors, Rsub, that represent
energy loss sustained by electric fields, generated by magnetic fields penetrating the
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substrate, in the lossy dielectric substrate.
Series Inductance, Ls
A loop inductor can be considered as a simplified version of a multi-turn spiral in-
ductor. Therefore, the method to calculate Ls for a spiral inductor is still relevant
to the loop inductor case. Based on formulas for inductance calculation presented
by Grover in [51], Greenhouse developed a method to compute the inductance of
rectangular spiral inductors [52] This technique divides a spiral into straight seg-
ments and states that the overall inductance of the spiral is computed by summing
the self inductance of each segment and the positive as well as the negative mutual
inductance between all possible segment pairs. The mutual inductance is positive
if the currents in two conductor segments have the same direction and negative for
opposite currents. The Greenhouse method is mathematically expressed as [52]
Ls = Lself +
∑
M+ −
∑
M− (2.8)
Ls = overal series inductance of a spiral inductor (H)
Lself = total self-inductance of all straight segments (H)∑
M+ = sum of the positive mutual inductances (H)∑
M− = sum of the negative mutual inductances (H)
An approximation to the direct current (DC) self-inductance of a conductor with
a rectangular cross-section can be expressed as follow [49, 52]
Lself = 2l
(
ln
2l
w + t
+ 0.50049 +
w + t
3l
)
(2.9)
where Lself is the self-inductance (nH), l is the conductor length (cm), and w and
t are the conductor width and thickness (cm) respectively. Inductance is mainly
governed by the external magnetic flux to the conductor. Consequently, variations
in the conductor cross-section dimensions have little effect on the self-inductance.
This being said, in general, inductance increases slightly with smaller cross-section
area due to the enhanced magnetic flux external to the wire [49]. Dependency of
inductance on conductor length is also shown in [49] to be slightly more than linear.
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Following [52], the mutual inductance of two parallel conductor segments can be
evaluated using
M = 2lq (2.10)
where M is the mutual inductance (nH), l is the conductor length (cm), and q is
the mutual inductance parameter (unitless).
The mutual inductance parameter, q, of a conductor is determined by its length
and geometric mean distance (GMD) between itself and the adjacent parallel con-
ductor. The expressions for q and GMD are given as
q = ln
 l
GMD
+
√
1 +
(
l
GMD
)2 −
√
1 +
(
GMD
l
)2
+
GMD
l
(2.11)
lnGMD = ln d− w
2
12d2
− w
4
60d4
− w
6
168d6
− w
8
360w8
− . . . (2.12)
where w is the conductor width (cm) and d is the pitch (centre-to-centre distance) be-
tween adjacent conductors (cm). A narrower separation between parallel conductors
leads to larger mutual inductance due to enhanced magnetic coupling [49]. Further,
for a constant pitch, mutual inductance does not vary with conductor width. Also
notice that two orthogonal conductors do not have mutual inductance since their
magnetic fluxes are not linked together.
Series Resistance, Rs
When a metal conductor is exposed to a time-varying magnetic field, such as that
from an alternating current (ac), an eddy current is produced. Eddy currents,
which can come in the form of proximity and skin effects, induce magnetic fields
following Lenz’s law and lead to a non-uniform current density in the conductor.
The proximity effect takes place when eddy currents are induced in a conductor
by time-varying magnetic fields from nearby conductors that carry time-varying
currents. On the other hand, the skin effect arises from eddy currents induced
by changing magnetic fields from an alternating current flowing in the conductor
itself. In either form, eddy currents limit the capability of a conductor to carry
high-frequency currents, increasing the ac resistance.
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At high frequencies, alternating currents tend to flow at the surface (“skin”) of a
conductor, leading to a non-uniform current density in the conductor’s cross-section.
This is known as the skin effect. The skin depth, δ, is the depth below the surface
of a conductor at which the current density decays to 1/e of the current density at
the surface, Js [53, 54]. For good conductors, the skin depth is [54]
δ =
√
1
pifσµrµ0
(2.13)
where µr is relative permeability of the conductor, µ0 is the free-space permeability
(4pi × 10−7H/m), σ is the conductivity (S/m), and f is the frequency of interest
(Hz).
δδ
w
h
Figure 2.4. Effective cross-section of a rectangular conductor under skin effect.
In loop inductors with tall rectangular conductors, the skin effect causes the
conductors to effectively behave like rectangular tubes with a thickness of the skin
depth, δ as illustrated in Figure 2.4. The effective cross-section of the rectangular
conductor in the loop inductors can be estimated by
Aeff = wh− (w − 2δ) · (h− 2δ) ≈ 2δ(w + h) (2.14)
where 4δ2 is neglected (4δ2  2δ(w + h)). Therefore, the series resistance, Rs, is
approximately
Rs =
lρ
Aeff
≈ lρ
2δ(w + h)
(2.15)
where ρ is the conductor resistivity (Ωm), l is the conductor length (m), w and h
are the conductor width and height (m) respectively, and δ is the skin depth (m).
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Capacitance, Cs
In a tall loop inductor, the parasitic capacitance, Cs, comes from capacitive cou-
pling in the gap closing the loop and also from the capacitive coupling between the
loop segments. Due to the considerable metal height, this parasitic capacitance is
essentially parallel-plate capacitance with air dielectric. This is expressed as
Cs =
0A
d
(2.16)
where 0 is the free-space permittivity (8.85 × 10−12 F/m), A is the surface area
of the metal segments facing each other (m2), and d is the separation between the
metal segments (m).
Substrate Loss Effect, Rsub
In a loop inductor, magnetic field penetrates perpendicularly the substrate. Follow-
ing a Maxwell’s equation [55],
∇× E = −∂B
∂t
(2.17)
this time-varying magnetic field generates a time-varying electric field in the sur-
rounding area, including inside the substrate. In a substrate medium with non-zero
conductivity, σ, this electric field causes a conduction current of Jc = σE to flow,
which leads to some energy dissipation as heat inside the substrate medium.
In the case of a dielectric that is a good insulator, the direct conduction current
due to finite conductivity is negligible. But at high frequencies, the rapidly varying
electric field polarizes bound electrons inside the dielectric, thus doing work against
the internal molecular forces, and generates an alternating current in phase with the
field. As a result, a dielectric, which would be an insulator at low frequencies or
DC, can consume substantial energy under high frequency fields and dissipate the
energy as heat. This high-frequency dielectric loss can be attributed to the complex
dielectric constant (complex relative permittivity) defined as [55]
r,c = 
′
r − j′′r (2.18)
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Usually, the dielectric constant of a material is given in terms of its real component
and a dielectric loss tangent, defined as [55]
tan δc =
′′r
′r
(2.19)
The effect of the complex dielectric constant to a zero-conductivity dielectric
material is as follow:
∇×H = (ω0′′r) E + jω0′rE (2.20)
where 0 is the free-space permittivity. It can be seen that 
′′
r generates a volume
current density term that is in phase with the electric field. Although ′′r is small,
at high frequencies (ω0
′′
r) becomes considerable and gives the same macroscopic
effect as a material with an effective conductivity of [55]
σeff = ω0
′′
r = ω0
′
r tan δc (2.21)
At such high frequencies, an alternating current density of (ω0
′′
r)E flows in response
to the electric field, which leads to some energy dissipation in the form of heat inside
the dielectric.
This energy loss inside the dielectric can be represented by resistors, Rsub, of
which values can be calculated using [50, 56]
Rsub = 2
teff
σeff lw
(2.22)
teff =
w
2pi
ln
(
8t
w
+
4w
t
)
(2.23)
where w is the width of the metal-trace (m), l is the length of the metal trace
(m), t is the thickness of the substrate (m), and teff is the effective thickness of the
substrate (m). The factor of two in equation (2.22) is included because the substrate
resistance is assumed to be distributed evenly at the two inductor terminals.
Stray Capacitance to Ground, Cshunt
Both loop inductor types have additional ground structures configured to facilitate
testing with ground-signal-ground (GSG) wafer probes. Unfortunately the potential
18
difference between the ground structures and the inductance loop leads to stray
capacitance to ground, Cshunt. Since the metal conductor has a considerable height,
the stray capacitance is an air-dielectric parallel-plate capacitance which, in theory,
could possibly be calculated using a parallel-plate capacitor formula. However the
non-constant separation between the loop and the ground structures complicates
the calculation. More study is needed to determine the exact expression for Cshunt.
2.1.3 Quality Factor and Self-resonant Frequency
Quality (Q) factor and self-resonant frequency (SRF) originate from resonant cir-
cuits. They are relevant to loop inductors as the inductors exhibit finite parasitic
capacitances.
In general, Q-factor of a passive device is proportional to the ratio of energy
stored to the energy lost in a cycle. However, because inductors are magnetic-
energy storing elements, only the net magnetic energy stored is of interest since any
electric energy due to the parasitic capacitances is counter-productive. Thus, the
inductor Q-factor can be defined as [57, 58]
Q− factor = 2pi |Wm| − |We|
Wlost in a cycle
= 2ω
|Wm| − |We|
Plost
(2.24)
where Wm and We represent the magnetic and electric energy, respectively, and
Plost indicates the power dissipated from the inductor. The magnetic and electric
energy vary as frequency increases. At a particular frequency, they are eventually
equal to each other, forcing the Q-factor to become zero and the inductor to self-
resonate. This frequency is commonly noted as the self-resonant frequency (SRF)
of the inductor.
A loop inductor can be characterized only by its input admittance (or impedance).
For this reason, the loop inductors in this current work were designed as one-port
elements. Grounding one of the ports removes half of the shunt parasitic effects in
the lumped element model, but it does not remove them in the real inductor since
in reality the parasitics are distributed. Consequently, one-port grounding reduces
the accuracy of the inductor model. Despite this fact, the model can still be used
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to understand how the parasitics affect the inductor performance.
Ls Rs
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Cshunt Cshunt RsubRsub
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CsCshuntRsub
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-
fQmax
Qmax
Q-factor
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0 fSR
Figure 2.5. One-port model of a loop inductor on a dielectric substrate [57].
Figure 2.5 shows the one-port loop inductor model where the ground potential is
assumed to come from the coplanar ground structures. It is obtained by grounding
port two in the two-port inductor model shown in Figure 2.3. It is necessary to
point out that Rsub and Cshunt are not really straight paths to ground, but rather
consequences of the electromagnetic fields passing through the substrate to reach
the ground structures. Using circuit analysis, the Q-factor can be expressed using
the inductor’s input admittance, Y11, as shown in the following equations [57].
Y11 =
(
1
Rsub
+
Rs
R2s + ω
2L2s
)
+ jω
(
Cshunt + Cs − Ls
R2s + ω
2L2s
)
(2.25)
Q = −im(Y11)
re(Y11)
=
ω [LsRsub −Rsub(R2s + ω2L2s)(Cshunt + Cs)]
R2s + ω
2L2s +RsRsub
(2.26)
Recall that the Q-factor can also be obtained using the energy stored in and
dissipated from the inductor which can be expressed as [57, 59]
Wm =
V 20 Ls
2(ω2L2s +R
2
s)
(2.27)
We =
V 20 (Cs + Cshunt)
2
(2.28)
WLost in a cycle =
2pi
ω
V 20
2
[
1
Rsub
+
Rs
R2s + ω
2L2s
]
(2.29)
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Substituting equations (2.27), (2.28), (2.29) into equation (2.24), the inductor Q-
factor can alternatively be expressed as [57, 59]
Q =
ωLs
Rs
· Rsub
Rsub +Rs
[(
ωLs
Rs
)2
+ 1
] · [1− R2s(Cs + Cshunt)
Ls
− ω2Ls(Cs + Cshunt)
]
=
ωLs
Rs
· (substrate loss factor) · (self − resonance factor) (2.30)
where both the substrate loss factor and the self−resonance factor can have any
values between zero and one. Upon close inspection, it can be seen that equations
(2.30) and (2.26) are equivalent to each other.
The SRF of the inductor can be obtained by equating the self-resonance factor
in equation (2.30) to zero, which will result in
ω2SR =
1
Ls(Cs + Cshunt)
− R
2
s
L2s
(2.31)
The second term in equation (2.31) is usually much smaller than the first term.
When this is true, the SRF can then be approximated as
ωSR ≈ 1√
Ls(Cs + Cshunt)
(2.32)
Notice that Cshunt in equation (2.32) is half of what really exists in the real inductor
due to the grounding of the second inductor port. However, in thick-metal loop
inductors, Cs is expected to be more significant than Cshunt. Therefore, the accuracy
of the equation may not be greatly affected. This being said, equation (2.32) should
still be treated as an approximation.
If the Q-factor of a spiral inductor is plotted against frequency, it will typically
have a parabolic shape with a maximum, Qmax, occurring at a frequency, fQmax , as
shown in Figure 2.6. This Q-plot characteristic can be explained qualitatively using
the one-port inductor model shown in Figure 2.5. At low frequencies, Rsub and the
capacitive impedance XCshunt and XCs are bigger than the series impedance of Ls
and Rs. Taking the path of least impedance, alternating current flows through the Ls
and Rs branch and the Q-factor can be approximated by ωLs/Rs. As the frequency
increases, Rsub, XCshunt , and XCs decrease while XLs and Rs increase. Consequently,
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the alternating current starts to flow through Rsub, Cshunt, and Cs branches, leading
to less magnetic energy stored in the inductor. Further, the current flowing through
the resistor Rsub increases the total dissipated power from the inductor, Plost. The
combination of lower magnetic energy stored and higher power dissipated slows
down the increase of the Q-factor until it eventually peaks at Qmax. As frequency
increases further beyond fQmax , the trend becomes more severe, further reducing the
Q-factor. At the SRF, the total parasitic capacitive impedance equals the inductive
impedance, causing the inductor to resonate and the Q-factor to vanish.
Ls Rs
Cs
Cshunt Cshunt RsubRsub
Ls
Rs
CsCshuntRsub
+
Vo
-
fQmax
Qmax
Q-factor
f [Hz]
0 fSR
Figure 2.6. Typical Q-factor plot of spiral inductors.
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2.2 Low-pass Filters
2.2.1 Low-pass Filter Principle
A low-pass filter (LPF) is a circuit that passes low-frequency signals and attenuates
signals with frequencies higher than a cut-off frequency, forming pass-band and
stop-band regions. There are many ways to realize a low-pass filter. The current
study deals with a reactive lumped element-based LPF implemented using passive
inductors and capacitors.
A representation of a single-input single-output LPF in frequency domain is
shown in Figure 2.7. The output and input are related through a transfer function
H(s) =
Y (s)
X(s)
(2.33)
where X(s), Y (s), and H(s) are polynomials in the complex frequency variable
s = σ + jω. The transfer function, H(s), is generally a complex parameter which,
Filterinput output
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input output
X(s) Y(s)
(a) (b)
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+
E1
-
+
E2
-
Zin(s) Zout(s)
Lossless
two-port
network
Es
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+
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Figure 2.7. A representation of a low-pass filter in frequency domain.
along the jω axis, can be represented as
H(s)|s=jω = |H(jω)|ejθ(ω) (2.34)
where |H(jω)| and θ(ω) are referred to as the magnitude and phase response respec-
tively, and ω = 2pif is the angular frequency (rad/s).
An ideal LPF completely passes all frequencies below the cut-off frequency, ωp,
and attenuates those above it, without a transition region in between. This ideal
“brick-wall” type of response requires an infinite number of filter elements, making
it practically unrealizable. A real-life LPF can only approximate the ideal response,
for instance, Chebyshev, Butterworth approximation, etc. The ideal and practical
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LPF responses are illustrated in Figure 2.8. The amount of response deviations of a
practical LPF response from that of an ideal one can be expressed in decibels (dB)
as
αp = 20 log(A0/A1) (2.35)
αs = 20 log(A0/A2) (2.36)
where αp and αs is known as pass-band ripple and stop-band attenuation respec-
tively.
2.2.2 Chebyshev Approximations
Low-pass filters may operate in various frequency ranges and impedance levels. It is,
therefore desirable to standardize the basic theory and design, and then adapt the
filter for the desired applications. This can be achieved using normalized low-pass
filters, defined as low-pass filters having unity cut-off frequency, ωp= 1 rad/s, and
unity source resistance, Rsource= 1 Ω. In the rest of the discussions to follow, a
normalized low-pass filter is assumed.
The general method to approximate an ideal LPF magnitude response is to find
a function in the form of [60]
|H(jω)|2 = A0
1 + F (ω2)
(2.37)
ω
|H(jω)|
A2
A0 Ideal
Practical
ωp ωs
A1
transition band
pass band stop band
Figure 2.8. Magnitude response of an ideal and practical LPF [60].
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such that, F (ω2)  1 in the 0 < ω < ωp range and F (ω2)  1 in the ω > ωp
range. Such a function will make |H(jω)|2 ≈ A0 in the pass-band and |H(jω)|2 ≈ 0
in the stop-band. The Chebyshev approximation achieves this by using Chebyshev
Polynomials.
The Chebyshev polynomials of order n is defined as
Cn(ω) = cos(n arccos ω), |ω| ≤ 1 (2.38)
Cn(ω) = cosh(n arccosh ω), |ω| > 1 (2.39)
Cn(ω) is a polynomial function in ω. This is more apparent in its recursive form
given in (2.40) with some of the polynomials listed in Table 2.1. [60].
Cn+1(ω) = 2ωCn(ω)− Cn−1(ω) (2.40)
Table 2.1. Chebyshev polynomials of different order, n [60].
n Cn(ω)
0 1
1 ω
2 2ω2 − 1
3 4ω3 − 3ω
4 8ω4 − 8ω2 + 1
5 16ω5 − 20ω3 + 5ω
From (2.38), one can realize that Cn(ω) varies between -1 and 1 in the 0 ≤ ω ≤ 1
range. Moreover, one can notice from Table 2.1 that Cn(ω) is an even function
when n is even and odd when n is odd. Further, at high frequencies Cn(ω) can be
approximated by
Cn(ω) ≈ 2n−1ωn, ω  1 (2.41)
Cn(ω) variations in the 0 ≤ ω ≤ 1 range leads to pass-band ripples in the magnitude
response of a Chebyshev low-pass filter. To control the ripple amount, a small
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number, , is introduced. The function F(ω2) can then be expressed as
F (ω2) = 2C2n(ω) (2.42)
Substituting (2.42) into (2.37), the magnitude response of an nth-order normalized
Chebyshev low-pass filter is
|H(jω)| = A0√
1 + 2C2n(ω)
(2.43)
As passive filters do not generally introduce gain, A0 will have to be adjusted such
that |H(jω)|max = 1.
Two representative magnitude responses for n = 3 and n = 6 with A0 = 1 are
plotted in Figure 2.9. From the magnitude responses shown, the following can be
observed:
1. At ω = 0, Cn(0) = 0 for n odd and Cn(0) = 1 for n even leading to
|H(j0)| = 1, for n odd (2.44)
|H(j0)| = 1√
1 + 2
, for n even (2.45)
2. At ω = 1, since Cn(1) = 1 then
|H(j1)| = 1√
1 + 2
, for all n (2.46)
3. The cut-off frequency, ωp= 1, is the frequency where the last ripple-point
occurs before the magnitude response decreases monotonically.
4. There are n half-ripples (minimum to maximum or vice versa) in the pass band
For ω  1, |H(jω)| can be approximated as
|H(jω)| ≈ 1
22n−1ω2n
(2.47)
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Figure 2.9. Third and sixth-order Chebyshev magnitude responses.
2.2.3 Chebyshev Low-pass Filter Transfer Function
The transfer function of a Chebyshev low-pass filter, can be expressed as
H(s) =
A0
Y (s)
=
A0
(s− s1)(s− s2) . . . (s− sk) (2.48)
where s1, s2, . . . , sk are the left-halfplane poles of H(s). Again A0 will have to be
adjusted to ensure the filter does not introduce a gain.
The left-halfplane poles of H(s) can be obtained using the following equations
[60]
sk = σk + jωk = sin
[
(2k − 1)pi
2n
]
sinh v + j cos
[
(2k − 1)pi
2n
]
cosh v (2.49)
v =
1
n
arcsin(
1

) (2.50)
where k = 1, 2, . . . , 2n and n is the order of the Chebyshev low-pass filter.
Since sine and cosine function have periods of 2pi, there are only 2n distinct zeros
given by (2.49). As a result, k needs to take only 2n consecutive integers. However,
to ensure stability of the filter, only n distinct left-halfplane zeros are needed to form
the denominator of H(s). So, an nth-order Chebyshev low-pass filter will have an
nth-degree transfer function, H(s). Further details on the poles of a Chebyshev filter
can be found in [60]. Several denominator polynomials for normalized Chebyshev
low-pass filters are given in Appendix A.
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2.2.4 Synthesis of a Doubly-Terminated LC Filter
A doubly-terminated LC filter can be represented in Figure 2.10 where the filter is
shown as a lossless two-port network. The components to the left of port 1 represent
the Thevenin’s equivalent of the circuitry connected there (e.g. excitation source),
whereas R2 represents a load which can be an input impedance of another circuitry.
The performance of a doubly-terminated LC filter is commonly measured in
terms of power. A maximum amount of power will be transferred to the load when
the load and the output impedance (Zout) are conjugate to each other and, simul-
taneously, when the source and input impedance (Zin) are conjugate to each other.
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Figure 2.10. A representation of a doubly-terminated lossless filter [60].
When the matching conditions are met and the source/load impedances are
represented by resistances, the maximum power available from the source, Pmax,
and the power delivered to the load, P2, can be expressed as [54]
Pmax =
|Es|2
8Rs
(2.51)
P2 =
|E2|2
2R2
(2.52)
Pmax and P2 are related through a parameter called transmission coefficient, t(s)
which represents the amount of power transferred between the two ports. For s = jω,
the magnitude-squared of t(s) gives the power ratio [60]:
|t(jω)|2 = P2
Pmax
=
4Rs
R2
∣∣∣∣E2Es
∣∣∣∣2 (2.53)
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Note that as lossless LC passive filters do not introduce a gain, under the best case
scenario, P2 can only equal Pmax, making |t(jω)| ≤ 1.
For filter applications, it is desirable to make |t(jω)| as close to unity as possible
in the pass-band, to allow maximum power from the source to reach the load, and to
make |t(jω)| as close to zero as possible in the stop-band. When |t(jω)| approaches
zeros, most of the available power is reflected back to the source. The amount of
reflected power is represented by reflection coefficient, ρ(s) which is defined in such
a way that at s = jω [60],
|ρjω|2 = 1− |t(jω)|2 (2.54)
With port 2 terminated in R2, the input impedance at port 1 becomes the driving-
point impedance function of the LC ladder filter. This generally complex impedance
can be represented by
Zin(jω) = Rin(ω) + jXin(ω) (2.55)
Since the two-port filter network is lossless, when R2 = Z
∗
out, the power delivered
to Zin and R2 is the same (P2 = Pin), leading to [54]
P2(jω) =
|Es|2
2
Rin(ω)
|Rs + Zin(jω)|2 (2.56)
Using (2.56) and (2.51), |t(jω)|2 and |ρ(jω)|2 can be re-written as:
|t(jω)|2 = 4RsRin(ω)|Rs + Zin(jω)|2 (2.57)
|ρ(jω)|2 = |Rs − Zin(jω)|
2
|Rs + Zin(jω)|2 (2.58)
Each side of (2.58) is simply a multiplication of two complex conjugate functions.
Hence, the reflection coefficient can be realized as [60]
ρ(s) = ±Rs − Zin(s)
Rs + Zin(s)
(2.59)
which in turn can be re-arranged to get the driving-point impedance
Zin(s) = Rs
1± ρ(s)
1∓ ρ(s) (2.60)
Zin(s) can then be realized into a doubly-terminated LC filter in a ladder configu-
ration using the Cauer methods described in [60].
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The realization of an LC filter in a ladder configuration can be a long process.
Fortunately, normalized element values for various filter types and different orders
are available in design tables [61, 62, 63]. One such table is provided in Appendix A
for normalized Chebyshev low-pass filters of different orders and ripple amount.
2.2.5 Impedance and Frequency Transformations
A prototype low-pass filter (LPF) has a normalized source resistance of 1 Ω and a
cut-off frequency ωp= 1 rad/s. To adapt this prototype filter to a different impedance
level and cut-off frequency, one may perform the impedance and frequency transfor-
mations.
The impedance transformations for various elements are as follow
R = kzRn L = kzLn C =
1
kz
Cn (2.61)
kz =
Z0
Rn
(2.62)
where kz is the impedance scaling factor; R,L,C are the practical elements; and
Rn, Ln, Cn are the normalized elements.
The frequency transformation from a normalized to a practical LPF is given by
s =
1
Ωp
S (2.63)
where s = σ+jω is the normalized frequency variable, S = Σ+jΩ is the transformed
(or practical) frequency variable, and Ωp is the practical cut-off frequency.
The transfer function of the practical low-pass filter can be obtained using (2.64)
with the transformation illustrated in Figure 2.11.
HLP (S) = HLP,normalized
(
S
Ωp
)
(2.64)
Applying (2.63) together with the impedance transformations gives the element
transformation in Table 2.2. Transformation from a normalized low-pass filter to
other type of practical filters can be obtained from [60, 64].
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Figure 2.11. Normalized-to-practical low-pass transformation.
Table 2.2. Low-pass element transformations [64].
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3. SCHEMATIC MODELS OF LOOP INDUCTORS AND
LOW-PASS FILTERS
3.1 Loop Inductors
It was explained in Chapter 2 that in addition to the desired inductance values, prac-
tical loop inductors also produce unavoidable parasitic capacitances and resistances.
Figure 3.1 shows the one-port loop inductor model. As explained in Section 2.1.2,
Rsub and Cshunt are modeled as paths to ground, and represent dielectric loss and
parasitic capacitance due to the field passing through the substrate. Using electronic
design automation software called Agilent Advance Design System (ADS), each par-
asitic element value was individually varied to illustrate its effects on Q-factor and
self-resonant frequency (SRF) of the inductor.
Ls Rs
Cs
Cshunt Cshunt RsubRsub
Ls
Rs
CsCshuntRsub
+
Vo
-
fQmax
Qmax
Q-factor
f [Hz]
0 fSR
Figure 3.1. One-port model of a loop inductor on a dielectric substrate [57].
The resistance, Rs, represents the ohmic loss in the metal. Its effect on the Q-
factor is shown in Figure 3.2 where the Q-factor is plotted against frequency as Rs
is varied. A reduction in Rs, for instance through the use of a higher-conductivity
metal, increases theQ-factor of the inductor. The SRF, however, remains unaffected.
32
Figure 3.2. Effect of the series resistance, Rs, on Q-factor of an inductor.
The parasitic capacitances and resistances together with the inductance, Ls, form
an RLC resonant circuit with a resonant angular frequency of
ωSR ≈ 1√
Ls (Cs + Cshunt)
(3.1)
Variations in either Cs, or Cshunt, or both will alter the total parasitic capacitance
and, thus, the SRF of the inductor. In the case of loop inductors, Cs (parasitic
capacitance from the gap closing the inductor loop) is the dominant parasitic capac-
itance. Figure 3.3 shows a plot of the Q-factor as a function of frequency as Cs is
varied. It can be seen that a reduction in Cs increases the SRF of the inductor. In
addition, smaller Cs also pushes the high-frequency portion of the Q-factor higher.
The low-frequency portion of the Q-factor; however, remains unaffected because it
is governed by the parasitic resistance of the metal, Rs.
Substrates also affect the performance of a loop inductor and their impacts are
more severe at high frequencies. In the case of dielectric substrates, they degrade the
inductor performance by consuming some energy from the electric field, generated
by the magnetic fields penetrating the substrate, and dissipating the energy as heat.
This dielectric loss phenomenon is the physical mechanism of energy loss through
the substrate. When the dielectric loss increases, the amount of energy dissipated
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Figure 3.3. Effect of the parasitic capacitance, Cs, on Q-factor and SRF of an
inductor.
from the inductor also increases which, in turn, decreases the inductor’s Q-factor.
In the one-port inductor model, Rsub represents the dielectric loss and its effect
on the Q-factor is shown in Figure 3.4. From the equivalent circuit point of view,
an increase in the dielectric loss can be thought of as a decrease in Rsub. This would
increase the “current” through Rsub at the expense of the current flowing through
Ls. The smaller current through Ls would decrease the resulting magnetic field and
magnetic energy stored in the inductor, thus, decreasing the Q-factor. Notice that
the qualitative explanation using the current flow is simply an illustration to help
understand the substrate loss effect. It is important to realize that in reality, the
substrate is not grounded and the current to ground through Rsub does not really
exist. The actual physical mechanism of substrate affecting the Q-factor is through
the dielectric loss phenomenon.
3.2 Lumped-element Low-pass Filters
It was decided that two low-pass filters (LPF) with different 3-dB cut-off frequen-
cies would be designed and fabricated. Both filters would have a 3rd-order, 0.5-dB
ripple Chebyshev response in a capacitor-inductor-capacitor “pi” equivalent ladder
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Figure 3.4. Effect of the dielectric loss, Rsub, on Q-factor of an inductor.
circuit. The design process started with a 3rd-order low-pass prototype filter with
both ports terminated in a resistor. This low-pass prototype filter is shown in Fig-
ure 3.5 where gi (i= 0, 1, 2, 3, 4) represents the normalized component values for
a 0.5-dB ripple Chebyshev response. Once the low-pass prototype filter was estab-
g1
(C1)
g2
(L2)
g3
(C3)
g4
(Z0)
g0
(Z0)
g1
(C1)
g3
(C3)
g2
(L2)
g0
(Z0)
g4
(Z0)
Figure 3.5. Third-order Chebyshev prototype LPF.
lished, frequency and impedance transformations, presented in Section 2.2.5, were
then performed to obtain the actual L and C values that would give the desired
3-dB cut-off frequencies (C1, L2, and C3). Note that the impedance and frequency
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transformations did not change the “pi” ladder circuit of the filter. They simply
transformed the element values. The specifications for each Chebyshev low-pass fil-
ter are summarized in Table 3.1. The normalized component values were obtained
from [61, 62] and are listed together with the de-normalized component values in
Table 3.2.
Table 3.1. Design specifications of the Chebyshev low-pass filters.
Low-pass Filter Parameters Design A Design B
Order of filter, n 3 3
Pass-band ripple [dB] 0.5 0.5
Impedance of source/load, Z0 [Ω] 50 50
Last-ripple frequency, (fripple) [GHz] 10.8 5.1
3-dB cut-off frequency, (f3dB) [GHz] 12.9 6.7
Table 3.2. Element values of the Chebyshev low-pass filters.
Prototype LPF Actual LPF
Normalized Values De-normalized Values-A Values-B
g0 1 Z0 [Ω] 50 50
g1 1.5963 C1 [pF] 0.50812 0.97715
g2 1.0967 L2 [nH] 0.87273 1.67830
g3 1.5963 C3 [pF] 0.50812 0.97715
g4 1 Z0 [Ω] 50 50
In order to ensure that the de-normalized component values met the desired
specifications of both low-pass filters, the LPF responses using these values were
simulated using Agilent Advanced Design System (ADS) software. The simulated
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frequency responses of both low-pass filters are given in Figure 3.6 and Figure 3.7.
ADS simulation result for a third order, 0.5-dB ripple Chebyshev LPF (f_last ripple = 10 GHz)
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Figure 3.6. Schematic-model simulation result of LPF design A.
A Chebyshev low-pass filter with a given set of specifications (e.g. filter order,
passband ripple, and 3-dB cut-off frequency) requires a set of L and C values which
correspond to certain transfer function polynomials. Therefore, in general, changing
the element values will alter both the pass-band ripple and the cut-off frequency of
the filter. Figure 3.8 illustrates the effect of varying the value of capacitor C1 to
the frequency response of LPF design A. It shows that a bigger C1 value increases
the pass-band ripple and decreases the 3-dB cut-off frequency. A bigger C1 value
also leads to a steeper rejection slope in the stop-band. Variations in the value of
inductor L2 lead to slightly different effects on the frequency response which can
be observed in Figure 3.9. It shows that a bigger value of inductor L2 reduces the
pass-band ripple and the 3-dB cut-off frequency while keeping the rejection slope in
the stop-band relatively constant.
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ADS simulation result for a third order, 0.5-dB ripple Chebyshev LPF (f_last ripple = 5.2 GHz)
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Figure 3.7. Schematic-model simulation result of LPF design B.
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Figure 3.8. Capacitors effects on the frequency response of low-pass filter design A.
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Figure 3.9. Inductor effects on the frequency response of low-pass filter design A.
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4. STRUCTURAL MODELS AND DESIGN FABRICATION
4.1 Finite Element Electromagnetic Field Simulations Using Ansoft HFSS
It is necessary to obtain an estimate of key performance indices of the inductors and
low-pass filters such as self-resonant frequencies, quality (Q) factors, inductances,
return loss, and insertion loss. A method to estimate these performance indices
from arbitrary 3D structures, operating at microwave frequencies is therefore re-
quired. This can be achieved using Ansoft HFSSTM, a software package for 3D
electromagnetic field simulation of high-frequency components.
In general, the steps in working with HFSS are as follows. The first step is to draw
the geometric model of the structure, then specify the material properties of each
object in the model. The next step is to define the necessary excitation ports that
allow power into and out of the model and apply boundary conditions on parts of the
model as necessary. The next step is to specify the solution frequency for the analysis
and, if desired, the frequency sweep across which output will be generated. Once all
these steps are completed, HFSS then generates the field solutions and the associated
S-parameters, port characteristics, and the complex propagation constant. The S-
parameters can then be converted to the Z- and Y-parameters, which can be used to
find other parameters such as resistance/inductance values, self-resonant frequency,
etc.
HFSS generates electromagnetic (EM) field solutions using the finite element
method. It divides a geometric model into a large number of tetrahedra known as
the finite element mesh, where a single tetrahedron is a four-sided pyramid [65].
At each vertex of a tetrahedron, HFSS stores the vector field (such as H-field or
E-field) components that are tangential to the three edges of the tetrahedron. In
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addition, HFSS can also store the field components that are tangential to a face of
the tetrahedron and normal to an edge at the midpoint of the edges. Using these
components, HFSS then interpolates the EM fields inside the tetrahedron. This
method allows HFSS to represent Maxwells equations as a set of matrix equations
and solve the equations using conventional numerical methods [65].
When generating a mesh, by default HFSS only creates a mesh inside an object
if the object is specified with a material having a conductivity of less than 105
Siemens/meter. Based on this mesh, HFSS then generates field solutions inside the
object. Since metals generally have conductivity greater than 105 Siemens/meter,
HFSS creates only a surface mesh on metal objects and generates field solutions
based on the surface mesh using a surface impedance approximation, which is based
on skin depth, conductivity, and permeability [65].
Notice that there is a trade-off between the desired level of accuracy and the
mesh size. In general, smaller tetrahedron size generates a more accurate solution.
However, it leads to a larger number of tetrahedra which may overwhelm the avail-
able computer memory and processing power. It is therefore desirable to generate
a solution based on a coarse mesh, refine the mesh, generate a new solution, and
repeat the cycle until a parameter converges to within a desired limit. HFSS uses
such an iterative process and calls it an adaptive analysis [65].
HFSS starts the solution process by generating an initial mesh on the entire
model. It then determines the excitation field patterns at each port. To do this,
HFSS assumes that each port is connected to a semi-infinitely long waveguide that
has the same cross-section and material properties as the port. Therefore, the ex-
citation fields are the fields of the traveling waves propagating along the waveguide
to which the port is connected. The resulting 2-D field patterns are then used as
boundary conditions to obtain the 3-D field solutions for the entire model [65]. Pro-
vided that each port is defined correctly, there will be a perfect matched condition
between the port and the characteristic impedance of the waveguide connected to
it. Next, HFSS generates the 3-D field solutions by exciting each port individually
by a signal of one watt while setting other ports to zero watts. Once a solution is
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Figure 4.1. Adaptive analysis procedure in Ansoft HFSS.
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obtained, another port is excited by a one-watt signal while others are set to zero
watts and so forth [65]. After all ports have been excited, HFSS computes the gen-
eralized S-parameters from the amount of reflection and transmission that arises.
When the adaptive analysis is required, using the generalized S-parameters, HFSS
will estimate regions of the model where there is strong error and refine the mesh
(tetrahedral) in those regions. Using the refined mesh, HFSS will produce another
set of S-parameters, recalculate the error, and the iterative process continues until
certain convergence criteria are met. Once the adaptive analysis converges, HFSS
will solve the problem at a difference frequency if a frequency sweep is defined [65].
The entire process can be represented by the diagram shown in Figure 4.1.
4.2 Inductor Designs and Structural Models
One-loop and two-loop inductors were designed and their characteristics predicted
using Ansoft HFSS. Figure 4.2 shows a representative 3D view of the one-loop and
two-loop inductor designs. The one-loop inductor comprises one square turn at-
tached to a ground structure whereas the two-loop inductor consists of two square
turns connected in series and a ground structure surrounding the square turns. In
both types, the ends of each square turn come very close to each other to form a
loop. Consequently, a small gap is produced by these two ends and it is shown as
closing gap in Figure 4.2. In both inductor types, the ground structure was included
to facilitate testing using GSG (ground-signal-ground) wafer probes. As an effort
to minimize extra inductance and parasitic resistance in the two-loop inductors, the
ground structure width was made wider than that of the inductance loop. The
one-loop inductors also had a ground structure with a different shape. This was to
lessen the extra inductance and parasitic resistance while, at the same time, still
allowed testing using GSG probes.
The inductors were designed with a consideration of using them together with
capacitor elements having features similar to the vertical RF MEMS capacitors
[66] in “all-MEMS” reactive lumped-element low-pass filters. This constrained the
inductors to single-turn loops and to similar metal height range as the capacitors.
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This was done so that both device types could eventually be processed together using
a simple, single metal layer, common-height process, and without the additional
requirement for an overpass (or underpass), which would be required to connect to
the center of multi-turn inductors, resulting in more complicated processing. Both
inductor types were designed with a height of 70 µm. Further, since an inductor can
be characterized only by its input admittance (or impedance), both inductor types
were designed as one-port devices to simplify the testing process.
The one-loop and two-loop inductors were designed in three loop sizes (small,
medium, large) for a total of six devices. The top-view of these inductors is presented
in Figure 4.3 and 4.4. The dimensions of the one-loop inductor designs are provided
in Table 4.1 with a corresponding map shown in Figure 4.5. The dimensions and
map for the two-loop counterparts are given in Table 4.2 and Figure 4.6 respectively.
The length of the inductance loop was selected for nominal inductances of 0.5
nH to 5 nH. This range was chosen to anticipate low-pass filter designs in the 1-
10 GHz range. It can be observed from Table 4.1 and 4.2 that the metal width of
the inductance loop for the medium and large inductors, both one-loop and two-
loop, was chosen to be 50
√
2 µm to ensure structural stability. The small inductors;
however, had narrower metal widths to maintain as wide a separation as possible
between the inductance loop segments, facing each other. In addition, this would
also better exemplify the capability of the deep X-ray lithography (DXRL) process
70 um
Inductance 
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Figure 4.2. Representative 3D view of one-loop and two-loop inductors.
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Figure 4.3. Top view of one-loop inductors.
Figure 4.4. Top view of two-loop inductors.
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Table 4.1. One-loop inductor dimensions.
Dimensions 1-loop Inductors
small medium large
Loop length, Lloop [µm] 175
√
2 500
√
2 825
√
2
Loop-trace width, Wt [µm] 10
√
2 50
√
2 50
√
2
Device length, L [µm] 870 1440 2090
Closing gap width, Wg [µm] 20
L3 [µm] 70
L2 [µm] 200
L1 [µm] 250
W1 [µm] 250
to produce tall and small structures. The gap closing the square turns was chosen to
be 20 µm wide. Ideally this gap should be as small as possible to support increased
inductive flux linkage; however, a narrower gap would amplify the parasitic coupling-
capacitance and reduce the self-resonant frequency (SRF). Using the Greenhouse
method [52] presented in Chapter 2, the small, medium, and large inductors, were
expected to give nominal inductance values of 0.3- 0.6 nH, 1- 2 nH, and 2.5- 5 nH
Table 4.2. Two-loop inductor dimensions.
Dimensions 2-loop Inductors
small medium large
Loop length, Lloop [µm] 175
√
2 500
√
2 825
√
2
Loop-trace width, Wt [µm] 20
√
2 50
√
2 50
√
2
Device length, L [µm] 1445 2705 4005
Device width, W [µm] 1050 1705 2350
Closing gap width, Wg [µm] 20
Ground structure widthWgnd [µm] 250
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(a) Overview. (b) Middle section.
Figure 4.5. Map of dimensions of the one-loop inductor.
respectively.
The ground structure of the two-loop inductors could introduce additional par-
asitic inductance and resistance. In addition, there could also be some parasitic
capacitances between the ground structure and the square loops. In an effort to
reduce these parasitics, the ground structure was chosen to be 250-µm wide at a
distance of 100 µm from the square loops.
HFSS simulation models for the one-loop and two-loop inductors are presented
in Figure 4.7 and Figure 4.8 respectively, showing both virtual and actual objects.
Existing only in the simulation models, the virtual objects in the one-loop inductor
model consist of an air box and excitation port, while for the two-loop they consist
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(a) Overview. (b) Middle section.
(c) Port configuration.
Figure 4.6. Map of dimensions of the two-loop inductor.
of an air box, an excitation port, and a PEC (perfect electric conductor) bridge. The
actual objects represent objects that will be present in the device after fabrication
which include the inductance loop(s), ground structure, and the substrate.
In HFSS, regions not occupied by any objects in a model are considered as
background objects. By default HFSS defines the background objects as perfect
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Figure 4.7. Representative HFSS simulation model for one-loop inductors.
Figure 4.8. Representative HFSS simulation model for two-loop inductors.
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conductors and generates no electromagnetic fields inside them [65]. Since the one-
loop and two-loop inductors generate fields in their surrounding, they need to be
separated from the background objects by placing them inside an air box (a box
defined with air as the material). Consequently, the air box becomes part of the
HFSS model. Since the air box touches the background object, its surfaces become
perfect conductor walls. Therefore, the air box needs to be properly sized such that
its walls do not influence the fields inside the box and change the intended behaviour
of the inductor structures. Reference [67] suggests that an air box should initially
be set a multiple of times bigger than the field-containing volumes in a model. The
size is then adjusted as necessary by visualizing the solved fields inside the box. If
there is a strong interaction between the perfect conductor walls and the fields, the
air box is enlarged.
In order to allow power into and out of the model, a 2-D surface inside both
inductor models was defined as an excitation port. A Lumped excitation port was
chosen since it simulates measurements gathered by GSG (ground-signal-ground)
wafer probes well. Detailed discussions on lumped ports can be found in [68] and
some of the important guidelines on port sizing are presented here for convenience.
The excitation port has to touch both the inductance loop and the ground structure.
The port width should be no larger than the width of the loop trace, Wt, and the
port length should be roughly equal to its width. In case of the two-loop inductors,
the two ends of the ground structures need to be connected together. In Figure 4.8,
this connection is provided by the PEC bridge.
The two inductor types (one-loop and two-loop) were modeled in both nickel and
gold on an alumina substrate, and also in nickel on a quartz-glass substrate in HFSS.
This was done to observe the effects of metal and substrate materials on the inductor
performance. In order to get accurate electromagnetic simulation results it was
important that the electrical properties of the materials were defined as realistically
as possible. They include the nickel relative permeability and conductivity, gold
conductivity, as well as the relative permittivity and loss tangent of alumina and
quartz-glass. Unfortunately, it was not known with a high certainty whether the
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electrical properties used in the simulations really represented those of the actual
materials used in the fabrication, since they can vary with process, especially with
electroplating.
In the case of electroplated nickel, a survey of values found in the literature
[69] shows that little consensus exists on its magnetic relative permeability and
DC bulk conductivity. Reference [69] argues that the initial permeability of nickel
approaches unity from a certain dc value as frequency increases. Further, the most
prominent variations in nickel initial permeability occurs in the 0.1- 10 GHz range.
This decreasing trend of permeability agrees with a collection of measured data
published in [70] which is shown in Figure 4.9. Although, the measured data shows
large discrepancies, it shows a similar trend, which is a low-frequency value that
drops off to less than 2 at about 10 GHz.
Figure 4.9. Measured frequency characteristics of initial permeability for nickel [70].
(+[71], ∆[72], [73], •[74]), 	[75], ◦[76], 5[77], N[78]).
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Relative permeability values used for the simulations in this study are given
in Table 4.4. These values were measured data obtained by Hodsman et al. [78]
and were chosen because they were roughly in the 1- 10 GHz range. In terms of
nickel conductivity, a value of 1.266 × 107 S/m [79] was used. This is a measured
conductivity value of electrodeposited nickel from a sulfamate bath, which is similar
to electroplating process used in this study. This is slightly lower than the value
for bulk nickel from the HFSS library (1.45 × 107 S/m) or typically found in the
literature (1.46 × 107 S/m) [80]. For gold, default electrical property values of
4.100 × 107 S/m for conductivity and 0.99996 for relative permeability were used.
This conductivity value agrees well with bulk conductivity values typically found in
the literature (4.26 × 107 S/m) [80] and with conductivity value for electroplated
gold [81].
Default electrical-property values from the HFSS library for both 96% alumina
and quartz glass were used in simulations in the current study. Table 4.3 and 4.4
present the electrical properties of the materials used in simulations.
Table 4.3. Electrical properties of materials used in HFSS simulations.
Material Relative Relative Conductivity Dielectric
Permittivity Permeability Loss Tangent
r µr σ [S/m] tan δ
Quartz glass 3.78 1 0 0
Alumina 96% 9.40 1 0 0.006
Nickel 1 see Table 4.4 1.266× 107 0
Gold 1 0.99996 4.1× 107 0
Frequency sweeps were performed during the simulations to reveal the frequency
characteristics of each inductor. At every frequency point, a scattering parame-
ter, S11, was generated. The input S-parameter, S11, was then transformed to its
equivalent input admittance, Y11, which was then used to calculate several inductor
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Table 4.4. Measured initial permeability of nickel [78].
Frequency [GHz] µr
DC 17.0
3.356 8.30
3.374 7.50
3.956 5.60
4.545 5.00
5.062 4.10
5.564 3.40
6.522 3.00
8.772 1.50
9.615 1.03
10.084 1.00
performance indices as follow:
R = Re
(
1
Y11
)
(4.1)
L =
XL
2pif
=
Im
(
1
Y11
)
2pif
(4.2)
Q =
XL
R
=
Im
(
1
Y11
)
Re
(
1
Y11
) (4.3)
where R is the equivalent resistance (Ω), L is the equivalent inductance in Henry
(H), and f is the frequency of interest (Hz). Notice that (4.1) and (4.2) are the
equivalent resistance and inductance respectively of the inductor. This means the
resistance comprises both the metal and substrate losses, whereas the inductance
includes the series inductance and parasitic capacitances of the inductor.
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4.3 Fabrication of One-loop and Two-loop Inductors
The inductors were fabricated using deep X-ray lithography (DXRL) processes at the
Institute for Microstructure Technology (IMT), Karlsruhe Institute of Technology
in Germany. Beamline Litho-2 at the 2.5-GeV electron storage ring ANKA, at the
institute, was used to carry out the X-ray exposures.
The first step in the fabrication of the inductors was to design and layout a mask.
A picture of the entire mask is given in Figure 4.10. The mask size is (2 × 6) cm2
and was shared with another user. The small one-loop and two-loop inductors were
included twice to ensure redundancy since they were more structurally demand-
ing than the other inductor designs. Consequently, a total of eight inductors were
included on the mask layout.
All corners in the layout drawings of the inductors were rounded to a 5 µm
radius. This was done to avoid the PMMA resist from cracking during fabrication
and to inhibit point of stress being formed in the electroplated nickel [12, 66, 82].
The rounding of corners was the only distinction between the layout drawings and
the top view of the inductor models created in HFSS software.
The one-loop and two-loop inductors were fabricated on both 0.5-mm thick
quartz glass and 1-mm thick alumina substrates. A 3-µm titanium layer was sputter-
deposited on the substrates and then oxidized for 1.5 minutes. This Ti/TiOx layer
acts as an adhesion layer and a seed layer for metal electroplating. A 100-µm thick
polymethyl-methacrylate (PMMA) photoresist foil was glued onto the titanium seed
layer [11]. The sample was then exposed to X-rays through a 2.7-µm thick titanium
mask membrane supporting 25-µm thick gold absorbers. The exposure conditions
were adjusted to provide a photoresist bottom dose deposition of 3.5 kJ/cm3. Fol-
lowing exposure, development was performed in GG developer at room temperature
to remove the exposed photoresist. The titanium seed layer was used as a plat-
ing base to electroplate nickel or gold to a height of 70 µm in the tall patterned
PMMA template. Room temperature electroplating processes were used to reduce
thermal distortions which tend to warp tall and very thin PMMA structures [12].
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(a) Overview.
(b) Magnified view of inductors layout.
Figure 4.10. Mask layout of loop inductors.
The structure was then exposed to X-ray flood irradiation, allowing the remaining
PMMA to be removed with another step of development. Finally, the structure
was wet-etched with 5% HF acid for two to three minutes to remove the seed layer,
electrically isolating the structures [12]. Several representative scanning electron
micrograph images of the inductors are shown in Figure 4.11-4.14.
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(a) Inclined overview. (b) Magnified view of the gap.
Figure 4.11. Small one-loop inductor fabricated using DXRL (70 µm nickel on
alumina) showing structural quality of the tall loop structure (courtesy of IMT).
Figure 4.12. Inclined-overview of the small two-loop inductor (70 µm nickel on
alumina) (courtesy of IMT).
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(a) One-loop. (b) Two-loop.
Figure 4.13. Inclined-overview of the medium-size inductors fabricated using DXRL
(70 µm nickel on alumina) (courtesy of IMT).
Figure 4.14. Inclined-overview of the large one-loop inductor (70 µm nickel on
alumina) (courtesy of IMT).
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4.4 Low-pass Filter Design and Structural Models
Two low-pass filters were designed and their frequency responses predicted using
Ansoft HFSS. Figure 4.15 shows a representative 3D view of the filter design which
consists of an inductance loop and two ground structures. Both low-pass filters were
220 um
Ground 
Structure
Inductance Loop
Figure 4.15. Three dimensional view of a low-pass filter.
220 µm tall and featured 8.5-µm wide air gaps obtained by bringing the ground
structures very close to the inductance loop. The ground and the inductance loop
structures consequently formed two shunt parallel-plate capacitors along the air
gaps. This capacitor design uses the capability of deep X-ray lithography (DXRL)
to produce tall structures with small lateral dimensions. The filters also had ground
structures configured to facilitate testing using GSG wafer probes.
Figure 4.16 shows the top view of the low-pass filters generated in the current
study. Both low-pass filters realized a third-order, 0.5-dB ripple Chebyshev response
in a capacitor-inductor-capacitor “pi” equivalent ladder circuit. Low-pass filter A
was designed for a last-ripple frequency of fripple= 5.1 GHz with a 3-dB frequency
of f3dB= 6.7 GHz. Low-pass filter B was designed for a last-ripple frequency of
fripple= 10.8 GHz with a 3-dB frequency of f3dB= 12.9 GHz.
The necessary inductance and capacitance values for the above specifications
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(a) Design A. (b) Design B.
Figure 4.16. Top view of low-pass filters.
were obtained by adjusting the structure dimensions. The dimensions of each low-
pass filter structure are given in Table 4.5 with a map of the dimensions shown in
Figure 4.17 where the air gap (also the capacitance length) extends from point A to
F and from point A’ to F’.
Table 4.5. Low-pass filter dimensions.
Dimensions Design A Design B
Width, W [µm] 1378 1880
Length, L [µm] 2084 3100
Ground-ring width, Wg [µm] 200 200
Trace width, Wt [µm] 50 50
Inductance-loop length, Lloop [µm] 550 900
Air-gap width, Wgap [µm] 8.5 8.5
Capacitance length, Lcap [µm]
design A= ABCD = A′B′C ′D′ 1120
design B= ABCDEF = A′B′C ′D′E ′F ′ 2250
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Figure 4.17. Representative top view of the low-pass filters.
The inductive structure in each low-pass filter design was adapted from the two-
loop inductor design. The metal width of the inductance loop was 50 µm . Although
a wider metal trace would increase structure stability, it will also increase the overall
size of the filters. Further, for a given height, conductors with smaller widths give
slightly more inductance because they generate more external magnetic flux [49].
With the trace width and the height fixed at 50 µm and 220 µm respectively, the
length of the inductance loop (Lloop) for a given inductance value was calculated
using the method described in Chapter 2. The length of the inductance loop (Lloop)
for each filter design is provided in Table 4.5. In each design, the capacitive-coupling
gaps in the middle of the filter structure were about 21 µm wide. This was to support
increased inductive flux linkage while keeping parasitic capacitance low.
The two shunt capacitors are air-dielectric parallel plate capacitors whose capac-
itance values are approximated by
C =
0(length× height)
gap width
(4.4)
where 0 is the permittivity of free space, length and height are the length and
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height of the parallel plates respectively, and gap width is the separation between the
plates (i.e. air gap width). A narrower gap generally produces a bigger capacitance;
however, it will make the structures more challenging to fabricate. This is due to
increased chances of overpass structures across the gap, creating short-circuit paths.
Based on the successfully fabricated gap in [12, 18], the gap width in this design
was chosen to be 8.5 µm. Equation (4.4) was then solved for the capacitance length,
Lcap for a given capacitance. This capacitance length and other dimensions of the
LPF design were used as a starting point for HFSS simulations and were adjusted
as necessary to account for parasitics present in the structure.
The ground structures provide return paths for the RF signal. Unfortunately,
they introduce finite amount of parasitic self-inductances and capacitances. In an
effort to minimize these parasitics, the width of the ground structures was made 200
µm while the distance between the ground structures and inductance-loop structure
was made approximately 100 µm .
Figure 4.18 shows an HFSS simulation model for low-pass filter design B which,
similar to the loop-inductor models, consists of real and virtual objects. The low-
pass filter simulation model shown was setup following the same guidelines as those
for the two-loop inductor models. These details can be found in Chapter 4.2. Since
the low-pass filters were all two-port networks, their simulation models contained
two excitation ports and two PEC (perfect electric conductor) bridges. These were
the only differences between the low-pass filter and two-loop inductor models.
The meshing size in the simulations varied with the overall size of the models
and the desired accuracy. For the low-pass filter design B, a meshing size of approx-
imately 13,000 tetrahedral elements was generated. This meshing size corresponded
to a maximum change of S-parameter between iterations of approximately 0.009 in
the HFSS adaptive analysis process.
The low-pass filters were modeled in nickel on both alumina and quartz glass
substrates to observe substrate effects on a filters performance. The materials
used in the low-pass filter simulations had the same electrical-property values as
those in the inductor simulations. These electrical property values can be found in
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Table 4.3 and 4.4.
The performance of a low-pass filter was evaluated by performing a frequency
sweep and plotting the magnitude of the S-parameters in decibels (dB). Of particular
interest are S11 and S21 which represent the input-port voltage reflection coefficient
and forward voltage gain respectively. These two parameters can be calculated as
follow [54]:
|S11|dB = 20 log(|S11|linear) (4.5)
|S21|dB = 20 log(|S21|linear) (4.6)
Air box
Substrate
Ground 
Structure
Excitation
Port
PEC Bridge
Inductance
loop
Figure 4.18. HFSS simulation model of low-pass filter design B.
4.5 Fabrication of Low-pass Filters
The overall structure of the low-pass filter designs are generally quite similar to
the two-loop inductors. However, the narrow air gap, coupled with the desired
structure height, does increase the complexity of the fabrication. In order to increase
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the probability of producing deformation-free structures, a few minor modifications
were made to layout of the filters. A representative final layout drawing of the filters
is shown in Figure 4.19.
Figure 4.19. Layout drawing of low-pass filter design B.
The first modification was the rounding of all corners in the layouts to a 5 µm
radius. This was done for the same reasons as in the loop inductor case. The second
modification to the layout was the triangular voids in the ground structures along
the air gaps. These triangular voids serve two purposes [12, 66], providing additional
support to the tall and narrow PMMA resist structure so it is not deformed or frac-
tured during resist development and metal electroplating and allowing Hydrofluoric
(HF) acid to get into the narrow air gap during wet-etching of the seed layer. In
general, more voids provide more structural support to the PMMA resist structure;
however, they also reduce the effective capacitance length, thus the capacitance
value. These two factors consequently govern the size and spacing of the triangular
voids. Depending on the location of a triangular void and the available space, the
void size could be one of three shown in Table 4.6 and was placed 90- 100 µm apart
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from adjacent ones. A representative figure of the triangular void is shown in Figure
4.20.
33.25 um
63.25 um
108 um
NB: 
Triangular voids were 75- 90 um apart
Void spacing was a compromise 
More voids more support to pmma wall
but, shorter cap. length
(ie. we want as many voids as possible but 
don’t want too many that the capacitance 
length became to short)
35 um
10 um
27.5 um
70 um
45 um
10 um
H
Wbase
Wtip
Figure 4.20. Representative figure of the triangular voids used in the layout.
Table 4.6. Dimensions of triangular voids.
Void 1 Void 2 Void 3
Wtip [µm] 33.3 10.0 10.0
Wbase [µm] 63.3 45.0 27.5
H [µm] 108 70.0 35.0
The low-pass filters were fabricated in a similar manner to the loop induc-
tors on both 0.5-mm thick quartz glass and 1-mm thick alumina. In this case,
a thicker 340-µm thick polymethyl-methacrylate (PMMA) photoresist was glued
onto the seed layer. The resulting voids in the resist were then electroplated with
nickel to a height of 220 µm. The LPFs are produced only in nickel, not only be-
cause they are more structurally demanding than the inductors, but also because
IMT has a well-developed nickel electroplating process and considerable experience
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in producing well-structured devices in nickel. From an RF perspective, higher
electrical-conductivity, such as gold or copper, are expected to have lower metal
loss. High-temperature electroplating processes at 52 ◦C were initially performed;
however, visual inspections using a scanning electron microscope (SEM) showed
structural deformations in the tall and narrow PMMA structures. These deforma-
tions could be attributed to thermal distortions and increased PMMA water uptake
and swelling in the electrolyte [12]. Figure 4.21 presents an SEM image of low-pass
filter design A and illustrates one of the most severe deformations. The room-
temperature electroplating processes, later opted, successfully reduced the amount
of deformations, resulting in significant improvements to the structural quality of
the low-pass filters. Representative SEM images of these higher-quality filters are
shown in Figure 4.22- 4.25. The brighter regions in the figures represent smooth
sidewall surfaces, a typical characteristic of DXRL-fabricated structures.
Although the deformations were reduced, unfortunately slight variations in the
structure height and air gap still existed. From measurements, the structure height
varied between 203- 285 µm, while the air gap width ranged from 6- 6.5 µm. In
the original design, the height and the air gap width were 220 µm and 8.5 µm
respectively.
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Figure 4.21. Filter structure fabricated using high-temperature electroplating pro-
cess showing a structural deformation (courtesy of IMT).
Figure 4.22. Overview of LPF design A (nominal 212 µm nickel on quartz glass) with
room temperature electroplating showing little structural deformations (courtesy of
IMT).
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Figure 4.23. Magnified view of middle section of LPF design A highlighting high
aspect-ratio capacitive-coupling air gaps (aspect ratio 33:1 in 212 µm nickel) (cour-
tesy of IMT).
Figure 4.24. Overview of LPF design B (nominal 203 µm nickel on quartz glass) with
room temperature electroplating showing little deformations (courtesy of IMT).
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(a) Middle section. (b) Capacitive coupling air gaps.
Figure 4.25. Magnified views of LPF design B (gap aspect ratio 32:1 in 203 µm
nickel) (courtesy of IMT).
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5. RESULTS AND DISCUSSION
5.1 Test Environment Overview
The fabricated inductors and filters were tested using an Agilent 8722ES vector
network analyzer (VNA). It has an operating frequency range of 50 MHz to 40
GHz and supports full two-port S-parameter measurements. Connections between
the VNA and the inductors/filters were established using coaxial cables, terminated
with wafer probes.
The wafer probes were ACP40-W-GSG-150 from Cascade Microtech Inc. Each
probe tip consists of three legs, made of tungsten, in a ground-signal-ground (GSG)
configuration with a pitch (centre-to-centre distance between adjacent probe legs)
of 150 µm and a maximum operating frequency of 40 GHz. The probes were placed
on micropositioners to allow fine positioning of the probes onto the inductor/filter
under test. Figure 5.1 shows a picture of a probe on a micro-positioner and the tip
of the probe.
In order to eliminate error introduced by the coaxial cables and the wafer probes,
calibration of the test setup was performed. Short-open-load (SOL) and short-open-
load-thru (SOLT) calibration procedures [83, 84] were used for the inductor and
filter measurements respectively. Both procedures were carried out using a Cascade
Microtech 101-190 impedance standard substrate (ISS) which provided the short,
load, and thru standards. The open standard was applied with the probes in the
air.
In the case of inductors, after the SOL calibration procedures were performed,
the probe was set down onto the inductor using the positioner. Visual control
of the probe was performed through a stereo microscope manufactured by Vision
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Engineering. Once a good contact between the inductor-under-test and the probe
was obtained, the measured one-port S-parameter from the VNA was acquired.
Measurements of the low-pass filters were carried out with the same steps using two
wafer probes. Figure 5.2 shows a snapshot of the test setup for the inductors while
Figure 5.3 shows a picture of a probe touching an inductor and a filter.
(a) On a micro-positioner. (b) GSG tip configuration.
Figure 5.1. Wafer probe.
Figure 5.2. Test setup for a one-port S-parameter measurement of an inductor.
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(a) Inductor-under-test.
(b) Low-pass filter-under-test.
Figure 5.3. Wafer probes making a contact with a device-under test.
5.2 Loop Inductor Simulation and Measurement Results
Three inductor samples were produced which included nickel and gold inductors on
an alumina substrate and nickel inductors on a quartz glass substrate. Inductor
performance parameters presented in this thesis were calculated using the formulas
given at the end of Chapter 4.2 with a frequency span for each inductor chosen
to capture a typical 25-100 Ω inductive reactance range, while ensuring the span
did not exceed the maximum frequency rating of the test setup of 26.5 GHz. For
clarity, representative results for only the nickel inductors on an alumina substrate
are presented in the main thesis, and comparisons between the different samples are
done using only the medium-sized 1-loop and 2-loop inductors. Complete results for
other inductors can be found in Appendix B.
The measurement and simulation results for the small, medium, and large 1-loop
nickel inductors on an alumina substrate are presented in Figure 5.4- 5.6 respectively.
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The inductive reactances shown in the figures are the total reactances, and include
parasitic capacitive reactances in each inductor. Both the measured and simulated
inductive reactances of each inductor demonstrate an increasing trend with fre-
quency and agree to each other reasonably well. This agreement is especially true
at lower frequencies such as in the large inductor and in the lower frequency region
of the medium inductor. As the frequency increases, the measured and simulated
reactances begin to differ which can be observed in the small inductor case and
in the higher frequency region of the medium inductor. This discrepancy may be
attributed to parasitic capacitances which have more effects at higher frequencies.
Since inductive reactance and inductance are proportional to each other, the induc-
tance of each 1-loop inductor also shares the same trend as the inductive reactance
when plotted against frequency.
The resistances presented in Figures 5.4- 5.6 are the real component of the in-
ductors input impedances and represent the combination of metal and substrate
losses. The resistances have a trend that increases with frequency which can be
attributed to the skin effect that worsens as the frequency increases. In addition,
the trend also represents dielectric loss through the substrate that becomes more
severe at higher frequencies, increasing the total energy dissipated from the induc-
tor. At lower frequencies, the measured and simulated resistances of the medium
and large 1-loop inductors agree to each other well. However, the measured resis-
tances increased faster than the simulated values for both inductors. The measured
resistance of the medium 1-loop inductor differs by 64% from the simulated value
at its operating frequency, f0 (frequency at which the inductive reactance is equal
to 50 Ohm). For the large 1-loop inductor, this difference between the measured
and simulated resistances is about 38%. In the case of the small 1-loop inductor,
the measured resistance is slightly higher than the simulated value in the lower fre-
quency region. As the frequency increases, the measured resistances increase at a
slower rate than the simulated values, an opposite trend to that in the medium or
large inductor. The measured resistance of the small 1-loop inductor differs by 18%
from the measured value at its operating frequency.
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(a) Resistance and inductive reactance.
(b) Q-factor and inductance.
Figure 5.4. Inductor parameters of small 1-loop inductor (nickel on alumina).
The Q-factors of all the 1-loop inductors show a peak, which is in agreement
with the background theory in Section 2.1.3. Since the Q-factors were obtained
by taking the ratio between the inductive reactance, XL and resistance, R, any
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(a) Resistance and inductive reactance.
(b) Q-factor and inductance.
Figure 5.5. Inductor parameters of medium 1-loop inductor (nickel on alumina).
differences between the measured and simulated XL and R would make measured
and simulated Q-factors to be different. This is noticeable in the small and medium
1-loop inductors shown in Figures 5.4 and 5.5 respectively. For the large 1-loop
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(a) Resistance and inductive reactance.
(b) Q-factor and inductance.
Figure 5.6. Inductor parameters of large 1-loop inductor (nickel on alumina).
inductor, the measured Q-factor agrees well with the simulated value in the lower
frequency span but is somewhat different than predicted from simulation at higher
frequencies.
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The differences in the resistances, thus Q-factors, could possibly be related to a
few factors. The 1-loop inductors are meant to operate at high frequencies. Unfortu-
nately, measurements at high frequencies are susceptible to parasitic effects, leading
to measurement errors. In addition, the resistance of each 1-loop inductor is small
which amplifies the effects of the measurement errors. Another possible cause was
the indirect measurements of the resistance values. The network analyzer measured
voltage reflection coefficients which were then transformed to impedances. At high
frequencies, a slight change in the reflection coefficient can translate to a consider-
able amount in the associated resistance. Another contributing factor could be the
inaccurate values of material properties in the simulation. The electrical conductiv-
ity and relative permeability of nickel used in this study were based on measured
data from [79, 78]. However, as explained in Chapter 4, they may not exactly be
the actual values. In addition, electrical properties of alumina would also affect the
simulation results due to the electromagnetic fields penetrating the substrate. The
current study used the electrical properties of alumina from the material library of
HFSS software.
Using the medium 1-loop as an example, the effects of material properties on the
inductor response are observed through simulations and are shown in Figure 5.7.
The modified simulations used a relative permeability of µr= 10 for nickel and a
loss tangent of tan δ= 0.06 (10 times bigger than the value in the HFSS library) for
alumina. Figure 5.7 shows that the material properties have a marginal influence on
the reactance. However, they considerably affect the resistance, leading to a better
agreement between the measurement and simulation values. While the material
properties may be an exaggeration and still not represent the actual values, Figure
5.7 does demonstrate the impact they could have on the simulation results. More
comprehensive characterization of the electrical properties may lead to a better
agreement between measurement and simulation results.
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Figure 5.7. Effects of material properties on the simulation results of medium 1-loop
nickel inductor on an alumina substrate.
The self-resonant frequency (SRF) measurements were performed separately
from the ones done for Figures 5.4- 5.6. These measurements were performed at
sufficiently high frequencies to allow the reactance (imaginary component of the
impedance) to transition from a positive to negative value. The self-resonant fre-
quency was the frequency at which the reactance became zero. Table 5.1 presents
the SRF and other performance parameters of the 1-loop nickel inductors on an
alumina substrate.
The measurement and simulation results for the small, medium, and large 2-loop
nickel inductors on an alumina substrate are presented in Figures 5.8- 5.10 respec-
tively. The measured and simulated reactance values agreed very well at low fre-
quencies. This is apparent from the large 2-loop inductor and the low frequency
portion of the medium 2-loop inductor. At high frequencies, the measured and
simulated values begin to differ. As the frequency increases, the reactances of the
measured small and medium 2-loop inductors increase slower than predicted from
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Table 5.1. Performance parameters of the 1-loop nickel inductors on an alumina
substrate (Meas.= measurement values, Sim.= simulation values).
Type Operating Inductance Resistance Q-factor Self-resonant
Frequency L (nH) R (Ω) Frequency
(f0, GHz) @ f0 @ f0 @ f0 SRF (GHz)
@XL = 50 Ω
Small Meas. 18 0.44 1.3 39 > 26.5
Sim. 16 0.51 1.1 44 > 26.5
Medium Meas. 6.8 1.2 2.3 22 17
Sim. 6.6 1.2 1.4 37 16
Large Meas. 3.2 2.5 2.9 17 11
Sim. 3.5 2.3 2.1 24 10
simulations. This difference may be caused by parasitic capacitive reactance that
has more effect with increasing frequencies. The inductance values of the inductors
also have the same trend as the reactance values.
The measured resistance, thus Q-factor, of the small 2-loop inductor is somewhat
different from that predicted from simulation. As shown in Figure 5.8, initially the
measured resistance increases faster than the simulated value; however, this trend
reverses as the frequency increases. At its operating frequency, the measured resis-
tance of the small 2-loop inductor is different from the simulated value by approxi-
mately 63%. In the case of the medium 2-loop inductor, there is a better agreement
between the measured and simulated resistances as well as Q-factors, especially at
low frequencies where both values almost overlap. The measured resistance only
differs by 3% from the measured value at its operating frequency. In the case of the
large 2-loop inductor, Figure 5.10 shows that the resistance values demonstrate an
even better agreement between measurement and simulation results. Operating in a
lower frequency range than the other 2-loop inductors, the large inductor has simu-
lated and measured resistances that differ by 2% at its operating frequency. A good
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(a) Resistance and inductive reactance.
(b) Q-factor and inductance.
Figure 5.8. Inductor parameters of small 2-loop inductor (nickel on alumina).
agreement between the measurement and simulation results can also be observed in
the Q-factor.
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(a) Resistance and inductive reactance.
(b) Q-factor and inductance.
Figure 5.9. Inductor parameters of medium 2-loop inductor (nickel on alumina).
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(a) Resistance and inductive reactance.
(b) Q-factor and inductance.
Figure 5.10. Inductor parameters of large 2-loop inductor (nickel on alumina).
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The self-resonant frequency measurements for the 2-loop inductors were done
following the same procedures as for the 1-loop inductors. The SRF and other
performance parameters of the 2-loop nickel inductors on an alumina substrate are
presented in Table 5.2.
Table 5.2. Performance parameters of the 2-loop nickel inductors on an alumina
substrate (Meas.= measurement values, Sim.= simulation values).
Type Operating Inductance Resistance Q-factor Self-resonant
Frequency L (nH) R (Ω) Frequency
(f0, GHz) @ f0 @ f0 @ f0 SRF (GHz)
@XL = 50 Ω
Small Meas. 9.5 0.84 2.6 20 22
Sim. 9.1 0.88 1.6 31 19
Medium Meas. 2.8 2.8 3.6 14 7.7
Sim. 2.9 2.8 3.5 14 7.0
Large Meas. 1.4 5.5 4.3 12 4.4
Sim. 1.5 5.5 4.4 11 4.1
The measurement results for the medium 1-loop and 2-loop inductors with dif-
ferent metals and substrate materials are presented in Figures 5.11 and 5.12 respec-
tively. At low to medium frequencies, the metal type has a significant effect on the
parasitic resistance and quality factors of the inductors. Due to a higher conductiv-
ity, both the 1-loop and 2-loop gold inductors demonstrate lower parasitic resistance,
thus higher Q-factors than the nickel counterparts. The metal type, however, al-
most has no effects on the inductive reactances or the self-resonant frequencies of
the inductors. The similarity between the self-resonant frequencies of the gold and
nickel inductors can also be observed in Table 5.3.
At high frequencies, the inductor on a quartz glass substrate has a lower parasitic
resistance than those on alumina substrates. This could be attributed to a lower
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dielectric loss tangent of the quartz glass compared to alumina. The inductor on
a glass substrate also demonstrates a higher self-resonant frequency which suggests
that it has lower parasitic capacitances than those on alumina substrates. The lower
parasitic capacitance, in the inductor on a quartz glass substrate, consequently,
pushes its Q-factor slightly higher (flatter Q-factor plot) at high frequencies due to
a higher magnetic energy stored in the inductor.
Table 5.3. Measured performance parameters of the medium inductors with different
metals and substrate materials.
Type Operating Inductance Resistance Q-factor Self-resonant
Frequency L (nH) R (Ω) Frequency
(f0, GHz) @ f0 @ f0 @ f0 SRF (GHz)
@XL = 50 Ω
Ni/ Alumina 6.8 1.2 2.3 22 17
(1-loop)
Au/ Alumina 6.7 1.2 0.91 55 18
(1-loop)
Ni/ Quartz 7.4 1.1 2.2 23 26
(1-loop)
Ni/ Alumina 2.8 2.8 3.6 14 7.7
(2-loop)
Au/ Alumina 2.9 2.7 1.6 32 7.9
(2-loop)
Ni/ Quartz 3.0 2.6 3.4 15 11
(2-loop)
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(a) Resistance and inductive reactance.
(b) Q-factor and inductance.
Figure 5.11. Measured inductor parameters of the medium 1-loop inductors from
different samples.
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(a) Resistance and inductive reactance.
(b) Q-factor and inductance.
Figure 5.12. Measured inductor parameters of the medium 2-loop inductors from
different samples.
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5.3 Low-pass Filter Simulation and Measurement Results
The low-pass filter (LPF) designs presented in Chapter 4 were fabricated in nickel
on both a quartz glass substrate (sample GL01) and an alumina substrate (sample
3814).
Figure 5.13 presents S11 plots of low-pass filter A on a quartz glass substrate
(sample GL01) from both the measurement and HFSS simulation. Since the low-
pass filter is a two-port network, the S11 plots indicate the matching of the filters at
their ports in a 50-Ω characteristic impedance system. Figure 5.13 shows measured
and simulated S11 magnitude of better than 10 dB at approximately 5 GHz. In terms
of power delivered to the filter, this means more than 90% of power was transferred
into the filter. At higher frequencies, the low-pass filter rejects most of the input
signal, leading to small measured and simulated S11 magnitudes.
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Figure 5.13. S11 response of low-pass filter A on a quartz glass substrate (sample
GL01).
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The S21 frequency response of low-pass filter A on sample GL01 from both the
measurement and HFSS simulation is shown in Figure 5.14. The simulated S21 re-
sponse shows three half-ripples in the pass-band, indicating a third order low-pass
filter [63], with a ripple magnitude of 0.54 dB. Further, it also shows that the last rip-
ple (fripple) occurs at about 11 GHz and the 3-dB frequency (f3dB) at approximately
13 GHz. The frequency response decreases further as frequency increases into the
stop-band of the filter. In comparison, the measured S21 plot also shows a third-order
low-pass filter response with a pass-band ripple of 0.6 dB, a last-ripple frequency
(fripple) of about 10 GHz, and a 3-dB frequency of approximately 12 GHz. Early
in the stop-band, the measured and simulated S21 demonstrate approximately the
same attenuation; however, at higher frequencies the measured S21 shows a steeper
rejection slope than predicted during simulation. The measured S21 reaches a bot-
tom point at approximately 16 GHz and bounces back toward zero, a behaviour not
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Figure 5.14. S21 response of low-pass filter A on a quartz glass substrate (sample
GL01).
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seen in the simulation result in the frequency span shown but expected to occur at a
higher frequency. These differences in stop-band attenuation characteristics between
the measurement and simulation can likely be attributed to secondary higher order
effects, making the “pi” equivalent circuit model of the low-pass filter less ideal. The
differences can also be attributed to distributed RF effects due to the filter physical
size that becomes more comparable to the signal wavelength at higher frequencies,
contributing to the re-entrant behaviour.
The discrepancies in the S11 response, ripple amount, fripple, and f3dB between
the measurement and simulation results can be attributed to the differences in the
height of the filter structure and the air gap width between the final structure and
the simulation model. This is because the structure height and gap width determine
the capacitance in the filter structure. Inspection of the low-pass filter A structures
revealed an average metal height of 212 µm and an average air gap width of 6.5
µm (aspect ratio of 33:1). These dimensions were 220 µm and 8.5 µm respectively
in the simulation model. These measured mean values were fed back into HFSS
software and the simulation was repeated. The HFSS simulation results using the
mean values are also shown in both Figures 5.13 and 5.14. It can be seen that there
is a better agreement in both S11 and S21 responses between the measurement and
the simulation using the mean values. Further agreement could possibly be obtained
with more comprehensive metal height and gap width measurements.
S11 plots of low-pass filter B on a quartz glass substrate (sample GL01) from
both the measurement and HFSS simulation are shown in Figure 5.15. This figure
shows measured and simulated S11 magnitudes of better than 11 dB at about 2.5
GHz. This is equivalent to 92% of excitation power being transmitted into the filter.
In the higher frequency region, both the measured and simulated S11 almost vanish,
indicating that very little input excitation signal gets transmitted into the filter in
the stop band.
Figure 5.16 presents the S21 frequency responses of low-pass filter B on sample
GL01 from both the measurement and HFSS simulation. The simulated S21 response
shows three half-ripples in the pass-band, indicating a third-order low-pass response
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with a ripple of 0.48 dB. It also shows a last-ripple frequency (fripple) of about 5.1
GHz, and a 3-dB frequency (f3dB) of approximately 6.7 GHz. In comparison, the
measured S21 plot shows a third-order low-pass response with a pass-band ripple of
0.6 dB, a last-ripple frequency (fripple) of about 4.7 GHz, and a 3-dB frequency of
approximately 6.1 GHz. At higher frequencies the measured S21 shows a steeper re-
jection slope than the simulation, reaches a bottom point at approximately 11 GHz,
and bounces back toward zero. The same S21 behaviour is not seen in the simulation
in the frequency span shown but is expected to occur at a higher frequency. The
differences in the stop-band attenuation characteristics can likely be attributed to
secondary higher order and distributed RF effects, as was the case for low-pass filter
A from the same sample.
Structural inspection of low-pass filter B revealed an average metal height of
203 µm and an average air gap width of 6.4 µm (aspect ratio of 32.1). These
dimensions were 220 µm and 8.5 µm respectively in the simulation model. These
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Figure 5.15. S11 response of low-pass filter B on a quartz glass substrate (sample
GL01).
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measured mean values were fed back into HFSS software and the simulation was
repeated. The simulation results using the mean metal height and air gap width are
also shown in both Figure 5.15 and 5.16. It can be seen that the S11 and S21 responses
from the simulation using the mean values match the measurement responses better.
This shows that differences in the S11 response, the ripple amount, fripple, and
f3dB between measurement and simulation can be attributed to differences in the
metal height and air gap width between the final structure and the simulation model.
Figure 5.17 presents S11 plots of low-pass filter A on an alumina substrate (sample
3814) from both the measurement and HFSS simulation. It shows measured and
simulated S11 magnitude of better than 5 dB at about 5 GHz, indicating that more
than 68% of power was transferred into the filter. In the higher frequency region,
the simulated S11 magnitude vanishes while the measured S11 grows to about 10
dB before decreasing toward zero. This measured S11 behaviour concurs with the
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Figure 5.16. S21 response of low-pass filter B on a quartz glass substrate (sample
GL01).
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measured S21 response.
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Figure 5.17. S11 response of low-pass filter A on an alumina substrate (sample 3814).
The S21 frequency responses of low-pass filter A from the same sample from both
the measurement and HFSS simulation are shown in Figure 5.18. The simulated S21
response shows a third order low-pass response with a ripple magnitude of 0.8 dB,
fripple of approximately 10.4 GHz and an f3dB of about 12 GHz. In comparison, the
measured S21 response shows a third-order low-pass response with a pass-band ripple
of 1.4 dB, an fripple of about 10 GHz, and an f3dB of approximately 11 GHz. In the
stop-band, the measurement shows steeper rejection slope than the simulation and
bottoms out at about 13 GHz. At higher frequencies, the measured S21 increases
toward zero then decreases for a second time.
Metal height and air-gap width measurements of the filter structure revealed an
average metal height of 285 µm and an average air gap width of 6 µm (aspect ratio
of 48:1). Figure 5.17 and 5.18 show the simulation results using the mean metal
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height and air gap width. The measurement for S11 is located somewhat in between
the original simulation and the simulation using the mean values. The simulated
S21 using the mean values looks somewhat similar to the measured one. Better
metal height and air gap width measurements could give better agreements between
measured and simulated S-parameters results.
S11 plots of low-pass filter B on an alumina substrate (sample 03814) from both
the measurement and HFSS simulation are shown in Figure 5.19. This figure shows
measured and simulated S11 magnitudes of better than 6 dB at approximately 2.5
GHz, indicating that 75% of excitation power is transmitted into the filter. In the
higher frequency region, the magnitude of the simulated S11 almost vanishes while
that of the measured S11 increases, indicating more excitation power is transferred
into the filter.
The measured and simulated S21 frequency responses of low-pass filter B from
the same sample are shown in Figure 5.20. The simulation result shows a third order
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Figure 5.18. S21 response of low-pass filter A on an alumina substrate (sample 3814).
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Figure 5.19. S11 response of low-pass filter B on an alumina substrate (sample 3814).
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Figure 5.20. S21 response of low-pass filter B on an alumina substrate (sample 3814).
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low-pass response with a ripple magnitude of 0.7 dB, an fripple of approximately 5
GHz and an f3dB of about 6.1 GHz. In the stop-band, the rejection slope becomes
steeper at higher frequencies. In comparison, the measurement result shows a third-
order low-pass response with a pass-band ripple of 1.4 dB, an fripple of about 4.7
GHz, and an f3dB of approximately 5.2 GHz. Similar to the previous filters, at
higher frequencies the measurement shows higher attenuation than the simulation,
bottoms out at about 8 GHz, and bounces back toward zero.
Metal height and air-gap width measurements of the filter structure revealed
an average metal height of 270 µm and an average air gap width of 6 µm (aspect
ratio of 45:1). HFSS simulation using the mean metal height and air gap width
was performed and the results are shown in both Figures 5.19 and 5.20. Using
the mean values, the simulated S21 exhibits a bottom point then increases back
toward zero. Moreover, there is also better agreement between the simulation and
the measurement in terms of the pass-band ripple, fripple, f3dB, and the magnitude
of S11.
The use of quartz glass and alumina substrates, which have different values
of relative permittivity (dielectric constant, r) and dielectric loss tangent (tan δ),
allowed for observations of the substrate effects on the performances of the filters.
These were done by comparing the measured S-parameters of filters from different
samples. Figures 5.21 and 5.22 present the S-parameters of low-pass filter A and B
respectively from both the quartz glass and alumina substrate.
In Figure 5.21, both the measured S21 responses of low-pass filter A on the
alumina and quartz glass substrate show attenuation that increases rather abruptly
in the higher frequency portion of the stop-band. Following the abrupt increase in
the attenuation, the S21 responses eventually bottom out and increase back toward
zero as frequency increases further. However, the bottom point on the S21 response
for the filter on alumina occurs sooner than the one on quartz glass. These trends in
the measured S21 responses can be attributed to an “electrically distributed” nature
of the filter circuits where the phase of a voltage or current changes over the physical
size of the circuit [54]. As the frequency increases, the corresponding wavelength (λ)
94
becomes smaller. Consequently, the physical size of the filters becomes on the order
of the wavelength which, in turn, causes them to appear less “electrically lumped”
and to start behaving like a distributed circuit, leading to a pass-band re-entrance.
In simulations, this pass-band repetition occurred at frequencies higher than those
in the figure. The difference in the frequency at which the bottom point on the S21
response occurs can be associated with the substrate material. The wavelength (λ)
in a material is inversely proportional to the square root of the material’s relative
permeability (µr) and relative permittivity (r).
For non-magnetic dielectric materials (µr = 1), such as alumina and quartz glass,
the proportions can be expressed as
λdielectric ∝ 1√
r
(5.1)
Therefore, for a given frequency, the wavelength in alumina will be smaller than
that in quartz glass by a factor of
√
r,quartz/r,alumina and so the physical size of
the filter on alumina will be more comparable to its wavelength compared to that
on quartz. Consequently the filter on alumina will behave like a distributed circuit
more than the quartz glass counterpart.
As an illustration, on a quartz glass substrate, the width of LPF A (refer to Table
4.5) is approximately 10% of the wavelength at 12 GHz. On an alumina substrate,
this width is about 17% of the wavelength at the same frequency. Assuming the
low-pass filter circuits start to appear distributed when their physical size is 10% of
the signal wavelength [85, 86], then the low-pass filter on alumina needs a smaller
frequency to start behaving like a distributed transmission line.
Figure 5.21 also shows that low-pass filter A on the alumina substrate has a
bigger pass-band ripple and a steeper rejection slope than that on the quartz glass
substrate. These suggest that the inductive/capacitive impedances change when the
same filter is fabricated on an alumina substrate. While the change in impedance
can be caused by differences in the filter structures dimensions, they can also be
attributed to the substrate material. This argument is supported by the simulated
S21 responses of the two filters. The simulation models for the filter on alumina and
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quartz glass substrate were identical except for the substrate type, yet variations in
the pass-band ripple and rejection slope exist.
Changes in the inductive/capacitive impedances can also be explained using the
distributed effects argument. Since the filter on alumina substrate appears more
distributed than that on quartz glass substrate, the voltages and currents (thus
impedances) in the filter circuit can vary in both magnitude and phase angle [54].
Because the wavelength in alumina is smaller than in quartz glass, there are more
fractions of a wavelength in the filter. This leads to more variations in phase angle,
thus impedance, across the dimensions of the filter on alumina substrate.
The measured S21 responses of low-pass filter B on an alumina and quartz glass
substrate also share very similar trends with those of low-pass filter A in the higher
frequency portion of the stop-band. However, as Figure 5.22 shows, filter B on both
substrates reach their bottom point even sooner than filter A. This is likely because
low-pass filter B has bigger dimensions than filter A. Consequently, low-pass filter B
only needs a lower frequency than filter A to make its physical size equal to 10% of
the wavelength, thus, starting to behave like a distributed transmission line. In the
lower frequency portion of the stop-band and in the pass-band, the S21 responses
in Figure 5.22 show that low-pass filter B on alumina substrate has a bigger ripple
and a steeper rejection ratio than that on quartz glass. These trends are shared by
low-pass filter A.
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Figure 5.21. S-parameters of low-pass filter A on quartz glass and alumina
(top: measurement, middle: simulation, bottom: magnified view of S21).
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Figure 5.22. S-parameters of low-pass filter B on quartz glass and alumina
(top: measurement, middle: simulation, bottom: magnified view of S21).
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5.4 Comparison to Representative Simulated Planar Distributed Low-
pass Filters
In order to allow comparisons to distributed low-pass filters (LPFs), two planar
distributed LPFs were designed and simulated using the ADS software. Both designs
were based on common shunt- or series-connected λ
8
microstrip transmission-line
segments, where λ is the signal wavelength. Further, each filter had a third-order
Chebyshev response with comparable pass-band ripple and last-ripple frequency
(fripple) to the measurement results of the lumped-element LPFs on a quartz glass
substrate (sample GL01).
The distributed filters are shown in Figures 5.23 and 5.24 with their dimensions
listed in Table 5.4. For comparison purposes, the lumped-element LPFs are also
included in the figures. Both distributed filters are 18-µm thick in nickel on a quartz
glass substrate. The material properties were the same as those in the lumped-
element filter simulations using HFSS.
(a) Planar distributed.
(b) Lumped-element.
Figure 5.23. Third-order low-pass filter design A.
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(a) Planar distributed.
(b) Lumped-element.
Figure 5.24. Third-order low-pass filter design B.
Table 5.4. Dimensions and specifications of the distributed low-pass filters.
Planar Distributed Low-pass Filter Design A Design B
Ripple ammount [dB] 0.6 0.6
Last-ripple frequency, fripple [GHz] 10.3 4.7
Width, W [mm] 3.1 5.9
Length, L [mm] 8.6 19.4
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Figure 5.25 shows S-parameters of the distributed-LPF design A obtained from
simulations. The S21 response shows a 3
rd-order Chebyshev response with a bottom
point occurring at about 22 GHz. This expected pass-band re-entrance is typical
characteristic of a distributed low-pass filter.
Figure 5.26 shows the S-parameters of the simulated distributed-LPF A and the
measured lumped-element LPF A from sample GL01. The lumped-element filter
demonstrates a similar S11 response to its distributed counterparts. In terms of S21
response, this figure demonstrates that the lumped-element filter gives the expected
3rd-order Chebyshev LPF response with comparable pass-band ripple, fripple, and
f3dB to the distributed filter.
Figure 5.27 presents the S-parameters of the simulated distributed-LPF B and
the measured lumped-element LPF B from sample GL01. Similar to the filter design
A, the distributed filter also shows a 3rd-order Chebyshev response with the typical
pass-band re-entrance. This figure also demonstrates that the lumped-element LPF
has comparable performance to the distributed filter.
Table 5.5 summarizes the dimensions of the planar distributed and lumped-
element low-pass filters. The lumped-element filter dimensions are also shown in
Chapter 4.4. Since the dimensions of the lumped-element filters do not depend on the
signal wavelength, they can be made smaller. The lumped-element implementation
leads to an area reduction of 89% and 95% for low-pass filter design A and design
B respectively.
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Figure 5.25. Magnitude of S-parameters of distributed low-pass filter design A.
Table 5.5. Size comparisons of distributed and lumped-element low-pass filters.
Design A Design B
Lumped- Distributed Lumped- Distributed
element element
Width, W [mm] 1.38 3.1 1.88 5.90
Length, L [mm] 2.08 8.6 3.10 19.4
Area Occupied [mm2] 2.90 26.7 5.80 114.5
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Figure 5.26. Magnitude of S-parameters of simulated distributed-LPF A and mea-
sured lumped-element LPF A from sample GL01.
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Figure 5.27. Magnitude of S-parameters of simulated distributed-LPF B and mea-
sured lumped-element LPF B from sample GL01.
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6. CONCLUSIONS
6.1 Summary and Conlusions of Inductor Work
One of the research objectives was to develop inductors that were structurally com-
patible with capacitors similar to the pre-existing vertical RF MEMS capacitors in
[18]. This was in a consideration that the two types of devices would be used as
building blocks for lumped-element RF circuits such as filters. The compatibility
issue constrained the inductor design to single-turn loops. The single-turn design al-
lows simultaneous fabrication of both devices types and removes the requirement for
an overpass which would be required in multi-turn inductors. Consequently, square
1-loop and 2-loop inductor designs, each having three sizes, were generated. Each
1-loop inductor consisted of a single-turn loop while the 2-loop inductor consisted
of two single-turn loops in series.
The 1-loop and 2-loop inductors were fabricated in 70 µm nickel and gold on
an alumina substrate and also nickel on a quartz glass substrate. At a 50-Ω in-
ductive reactance point, the fabricated 1-loop inductors gave inductances of 0.4-
3 nH with quality (Q) factor of 17- 55 and self-resonant frequencies exceeding 11
GHz. Also at the 50-Ω point, the fabricated 2-loop inductors provided inductances
in the 0.8- 5.5 nH range with Q-factors of 11- 42 and self-resonant frequencies of
4- 22 GHz.
In general, the measured and simulated inductive reactances agreed reasonably
well for all of the 1-loop and 2-loop inductors. In terms of the resistance values,
rather significant discrepancies were observed between the measurement and sim-
ulation results of the 1-loop inductors. A possible cause was the high-frequency
measurements that were more susceptible to parasitic effects, introducing measure-
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ment errors. This was made worse by the small resistance values of the inductors
that needed to be measured. Another possible cause was the indirect measurements
of resistance values. The network analyzer measured voltage reflection coefficients
which were then transformed to impedances. A slight change in the reflection coef-
ficient could translate to a considerable amount in the resistance. The discrepancies
could also be related to non-accurate definitions of material electrical properties dur-
ing simulations such as metal permeability and conductivity, relative permittivity
(i.e. dielectric constant), and loss tangent. For instance, simulations showed that a
factor of 10 in the dielectric constant of alumina led to better agreements between
simulation and measurement results of the medium 1-loop inductor on an alumina
substrate. In the 2-loop inductor case, the measured and simulated resistances
agreed reasonably well. Further, these agreements were better than in the 1-loop
inductor case. The better agreements could be related to the lower frequency ranges
in which the 2-loop inductors operated compared to those of the 1-loop inductors.
Benefiting from a higher electrical conductivity, the gold inductors demonstrated
the lowest parasitic resistances, thus highest Q-factors. At high frequencies, due to a
lower dielectric loss tangent, the inductors on a quartz glass substrate outperformed
those on an alumina substrate. The inductors on a quartz glass also demonstrated
the highest self-resonant frequency (SRF) due to lower parasitic capacitances. The
quartz glass substrate also made the inductors appeared more “electrically lumped”,
allowing better RF performance at higher frequencies.
In conclusions, 1-loop and 2-loop inductors fabricated using deep X-ray lithogra-
phy (DXRL), have been demonstrated. The structurally compatible design allowed
them to be fabricated together with vertical RF MEMS capacitor elements. Through
HFSS simulations, variations in the material electrical properties have been shown
to affect the inductor performances. Accurate definitions of material properties in
the simulations are therefore essential. A metal with high electrical conductivity
and a substrate with low dielectric constant and loss tangent have been shown to
enhance the performance of an inductor.
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6.2 Summary and Conclusions of Low-pass Filter Work
Two lumped-element low-pass filters (LPF) were designed in 220-µm thick nickel
on both quartz glass and alumina substrates and featured 8.5 µm capacitance air
gaps. Both designs realized a third-order, 0.5-dB ripple Chebyshev response in a
“pi” equivalent ladder circuit with 3-dB frequencies (f3dB) of 6.7 GHz and 12.9 GHz
respectively.
The fabricated nickel-on-quartz filters had a 0.6-dB ripple with 3-dB frequencies
(f3dB) of 6.1 GHz and 11.9 GHz respectively. The filter |S21| responses hit a bottom
point and rebounded, creating a “dip” which occurred at 11 GHz for the lower-
f3dB filter and 16 GHz for the higher-f3dB filter. Upon closer inspections, the filter
with a lower f3dB had an average air gap of 6.4 µm and metal height of 203 µm
(aspect ratio of 32:1). The filter with a higher f3dB showed an average air gap
and metal height of 6.5 µm and 212 µm respectively (aspect ratio of 33:1). When
the filters were fabricated on an alumina substrate, they exhibited a 1.4-dB ripple
with 3-dB frequencies (f3dB) of 5.4 GHz and 10.6 GHz respectively. The “dip” in
the |S21| response occurred at 8 GHz and 13 GHz for the lower-f3dB and higher-
f3dB filter respectively. Structural examinations showed that the lower-f3dB filter
had an average air gap and metal height of 6 µm and 270 µm respectively (aspect
ratio of 45:1). The higher-f3dB filter displayed an average air gap and metal height
of 6 µm and 285 µm respectively (aspect ratio of 48:1). Using these average values of
air gap and metal height, the measured filter responses were better predicted during
HFSS simulations.
In conclusions, lumped-element low-pass filters, fabricated using deep X-ray
lithography (DXRL), have been demonstrated. These filters were approximately
(1.4 x 2.1) mm2 and (1.9 x 3.1) mm2. The lumped-element implementations led to
an area reduction of up to 95% on a quartz glass substrate versus a distributed-
element approach. These lumped-element LPFs have successfully incorporated the
vertical RF MEMS capacitor concept and structurally compatible loop inductor,
showing that the two types of elements can be used as building blocks for lumped-
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element filters.
Through HFSS simulations, variations in the air gap and metal height have
been shown to affect the filter responses. Despite the lumped-element design, the
fabricated filters exhibited a distributed-circuit characteristic at high frequencies.
However, based on the measurement results, the occurrence of this characteristic
shifted to a higher frequency when a substrate with a low relative permittivity, in
this case quartz glass, was used.
6.3 Future Work
The following recommendations may be considered for continuation of the current
study:
1. Electrical properties of the alumina, quartz glass, and electroplated nickel and
gold, used in this study may be more comprehensively determined. The metal
conductivity and relative permeability, relative permittivity, and loss tangent
are particularly of interest. These properties determine how a simulation model
will respond to a given set of inputs and more accurate material properties are
important to obtain more representative simulation results.
2. The 2-loop inductor design in this study had an additional ground structure
configured to facilitate testing. This ground structure may be de-embedded to
improve even further the accuracy of the measurement results for the 2-loop
inductors. One possible way to perform this can be found in [30, 32, 87].
3. The source (or sources) of the difference between simulated and measured
resistance values in the 1-loop inductors should be more comprehensively de-
termined. The fact that the difference was more significant in the 1-loop
inductors suggested that there may be some loss mechanisms that were not
properly considered in the simulations. This may serve as a starting point for
further investigations.
4. The issue of air gap and metal height variations in the filter structures need
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to be addressed. Filter performance was shown to be quite sensitive to these
structural variations. A possible way to address the metal height variation is
to use mechanical polishing.
5. The low-pass filters may be fabricated using high electrical conductivity met-
als such as gold and copper which will lower losses and improve the filter
performance. However, this will require further development of suitable elec-
troplating process to ensure good structural quality. The filters may also be
built on a lower relative permittivity (i.e. dielectric constant) substrate. This
will make the filters appear more electrically lumped, allowing them to operate
at higher frequencies.
6. The lumped-element low-pass filter design concept may be extended into band-
pass filter designs. Distributed band-pass filters typically require coupled res-
onators with λ
4
-related impedance inverters, leading to a larger size than low-
pass filters. With a comparable performance, a lumped-element band-pass
filter design is expected to give an even more appreciable size reduction versus
a distributed design.
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APPENDIX A. Denominator Polynomials and Element Values for
Normalized Chebyshev Low-pass Filters
Table A.1. Denominator polynomials of normalized low-pass Chebyshev filters [60].
Pass-band ripple, αp = 0.5 dB,  = 0.349, n is the filter order.
n Denominator Polynomials
1 s+ 2.8628
2 s2 + 1.4256s+ 1.5162
3 s3 + 1.2529s2 + 1.5349s+ 0.7157
4 s4 + 1.1974s3 + 1.7169s2 + 1.0255s+ 0.3791
5 s5 + 1.1725s4 + 1.9374s3 + 1.3096s2 + 0.7525s+ 0.1789
6 s6 + 1.1592s5 + 2.1718s4 + 1.5898s3 + 1.1719s2 + 0.4324s+ 0.0948
7 s7 + 1.1512s6 + 2.4127s5 + 1.8694s4 + 1.6479s3 + 0.7557s2 + 0.2821s+ 0.0447
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Table A.2. Element values for normalized Chebyshev low-pass filters [61]. Pass-band
ripple, αp = 0.5 dB,  = 0.349, n is the filter order.
n R2
Rs
C1 L2 C3 L4 C5 L6 C7 L8
2 0.5 1.5132 0.6538
3 1.0 1.5963 1.0967 1.5963
4 0.5 1.8158 1.1328 2.4481 0.7732
5 1.0 1.7058 1.2296 2.5408 1.2296 1.7058
6 0.5 1.8786 1.1884 2.7589 1.2403 2.5976 0.7976
7 1.0 1.7373 1.2582 2.6383 1.3443 2.6383 1.2582 1.7373
8 0.5 1.9012 1.2053 2.8152 1.2864 2.8479 1.2628 2.6310 0.8063
n Rs
R2
L1 C2 L3 C4 L5 C6 L7 C8
(a) Minimum inductor. (b) Minimum capacitor.
Figure A.1. Low-pass filter realizations.
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APPENDIX B. Complete Inductor Simulation and Measurement
Results
B.1 Summary of Inductor Performance
Simulation and measurement results for nickel inductors on an alumina substrate
and comparisons between different samples using medium-sized 1-loop and 2-loop
inductor were already presented in Chapter 5. The results for the remaining inductor
samples will now be presented.
Table B.1 and B.2 summarize the performance parameters of the 1-loop and 2-
loop gold inductors on an alumina substrate respectively. Table B.3 and B.4 list the
performance parameters of the 1-loop and 2-loop nickel inductors on a quartz glass
substrate. Plots of the measurement data for these four inductors can be found in
the sections to follow.
As an effort to facilitate comparisons, Table B.5 gives the performance param-
eters of the small inductors with different metals and substrates while Table B.6
presents those for the large inductors. The graphs of S-parameters for these com-
parisons can be found in section B.4.
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Table B.1. Performance parameters of the 1-loop gold inductors on an alumina
substrate (Meas.= measurement values, Sim.= simulation values).
Type Operating Inductance Resistance Q-factor Self-resonant
Frequency L (nH) R (Ω) Frequency
(f0, GHz) @ f0 @ f0 @ f0 SRF (GHz)
@XL = 50 Ω
Small Meas. 18 0.44 1.8 28 > 26.5
Sim. 16 0.51 0.66 75 33
Medium Meas. 6.7 1.2 0.91 55.0 18
Sim. 6.6 1.2 0.49 102 17
Large Meas. 2.7 3.0 1.1 45 11
Sim. 3.6 2.2 0.54 93 10
Table B.2. Performance parameters of the 2-loop gold inductors on an alumina
substrate (Meas.= measurement values, Sim.= simulation values).
Type Operating Inductance Resistance Q-factor Self-resonant
Frequency L (nH) R (Ω) Frequency
(f0, GHz) @ f0 @ f0 @ f0 SRF (GHz)
@XL = 50 Ω
Small Meas. 9.7 0.82 1.2 42 22
Sim. 9.2 0.88 0.86 59 20
Medium Meas. 2.9 2.7 1.6 32 7.9
Sim. 3.0 2.6 0.90 56 7.1
Large Meas. 1.5 5.3 1.6 31 4.4
Sim. 1.6 5.1 0.92 54 4.1
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Table B.3. Performance parameters of the 1-loop nickel inductors on a quartz glass
substrate (Meas.= measurement values, Sim.= simulation values).
Type Operating Inductance Resistance Q-factor Self-resonant
Frequency L (nH) R (Ω) Frequency
(f0, GHz) @ f0 @ f0 @ f0 SRF (GHz)
@XL = 50 Ω
Small Meas. 20 0.40 1.1 48 > 26.5
Sim. 17 0.47 1.0 49 44
Medium Meas. 7.4 1.1 2.2 23 26
Sim. 7.0 1.1 1.1 46 23
Large Meas. 3.3 2.4 2.5 20 15
Sim. 3.8 2.1 1.8 27 14
Table B.4. Performance parameters of the 2-loop nickel inductors on a quartz glass
substrate (Meas.= measurement values, Sim.= simulation values).
Type Operating Inductance Resistance Q-factor Self-resonant
Frequency L (nH) R (Ω) Frequency
(f0, GHz) @ f0 @ f0 @ f0 SRF (GHz)
@XL = 50 Ω
Small Meas. 11 0.76 2.2 23 > 26.5
Sim. 9.8 0.82 1.2 42 27
Medium Meas. 3.0 2.6 3.4 15 11
Sim. 3.1 2.5 3.1 16 9.6
Large Meas. 1.5 5.3 4.1 12 6.4
Sim. 1.6 5.1 4.1 12 5.4
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Table B.5. Measured performance parameters of the small inductors with different
metals and substrate materials.
Type Operating Inductance Resistance Q-factor Self-resonant
Frequency L (nH) R (Ω) Frequency
(f0, GHz) @ f0 @ f0 @ f0 SRF (GHz)
@XL = 50 Ω
Ni/ Alumina 18 0.44 1.5 34 > 26.5
(1-loop)
Au/ Alumina 18 0.44 1.8 28 > 26.5
(1-loop)
Ni/ Quartz 20 0.40 1.1 48 > 26.5
(1-loop)
Ni/ Alumina 9.5 0.84 2.5 20 22
(2-loop)
Au/ Alumina 9.7 0.82 1.2 42 22
(2-loop)
Ni/ Quartz 11 0.76 2.2 23 > 26.5
(2-loop)
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Table B.6. Measured performance parameters of the large inductors with different
metals and substrate materials.
Type Operating Inductance Resistance Q-factor Self-resonant
Frequency L (nH) R (Ω) Frequency
(f0, GHz) @ f0 @ f0 @ f0 SRF (GHz)
@XL = 50 Ω
Ni/ Alumina 3.2 2.5 2.9 17 11
(1-loop)
Au/ Alumina 2.7 3.0 1.1 45 11
(1-loop)
Ni/ Quartz 3.3 2.4 2.5 20 15
(1-loop)
Ni/ Alumina 1.5 5.5 4.4 11 4.4
(2-loop)
Au/ Alumina 1.5 5.3 1.6 31 4.4
(2-loop)
Ni/ Quartz 1.5 5.3 4.1 12 6.4
(2-loop)
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B.2 Inductor Parameters of 1-loop and 2-loop Inductors (Gold on Alu-
mina)
(a) Resistance and inductive reactance.
(b) Q-factor and inductance.
Figure B.1. Inductor parameters of small 1-loop inductor (gold on alumina).
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(a) Resistance and inductive reactance.
(b) Q-factor and inductance.
Figure B.2. Inductor parameters of medium 1-loop inductor (gold on alumina).
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(a) Resistance and inductive reactance.
(b) Q-factor and inductance.
Figure B.3. Inductor parameters of large 1-loop inductor (gold on alumina).
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(a) Resistance and inductive reactance.
(b) Q-factor and inductance.
Figure B.4. Inductor parameters of small 2-loop (gold on alumina).
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(a) Resistance and inductive reactance.
(b) Q-factor and inductance.
Figure B.5. Inductor parameters of medium 2-loop (gold on alumina).
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(a) Resistance and inductive reactance.
(b) Q-factor and inductance.
Figure B.6. Inductor parameters of large 2-loop (gold on alumina).
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B.3 Inductor Parameters of 1-loop and 2-loop Inductors (Nickel on
Quartz Glass)
(a) Resistance and inductive reactance.
(b) Q-factor and inductance.
Figure B.7. Inductor parameters of small 1-loop inductor (nickel on quartz glass).
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(a) Resistance and inductive reactance.
(b) Q-factor and inductance.
Figure B.8. Inductor parameters of medium 1-loop inductor (nickel on quartz glass).
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(a) Resistance and inductive reactance.
(b) Q-factor and inductance.
Figure B.9. Inductor parameters of large 1-loop inductor (nickel on quartz glass).
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(a) Resistance and inductive reactance.
(b) Q-factor and inductance.
Figure B.10. Inductor parameters of small 2-loop inductor (nickel on quartz glass).
136
(a) Resistance and inductive reactance.
(b) Q-factor and inductance.
Figure B.11. Inductor parameters of medium 2-loop inductor (nickel on quartz
glass).
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(a) Resistance and inductive reactance.
(b) Q-factor and inductance.
Figure B.12. Inductor parameters of large 2-loop inductor (nickel on quartz glass).
138
B.4 Comparisons of Small and Large inductors From Different Samples
(a) Resistance and inductive reactance.
(b) Q-factor and inductance.
Figure B.13. Measured inductor parameters of small 1-loop inductors from different
samples.
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(a) Resistance and inductive reactance.
(b) Q-factor and inductance.
Figure B.14. Measured inductor parameters of large 1-loop inductors from different
samples.
140
(a) Resistance and inductive reactance.
(b) Q-factor and inductance.
Figure B.15. Measured inductor parameters of small 2-loop inductors from different
samples.
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(a) Resistance and inductive reactance.
(b) Q-factor and inductance.
Figure B.16. Measured inductor parameters of large 2-loop inductors from different
samples.
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